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À minha noiva Ana Cunha, por toda a ajuda e motivação. Pela compreensão
de alguma ausência da minha parte no decorrer deste trabalho.
A minha famı́lia, nomeadamente aos meus pais, Fernando Machado e Ana
Maria Machado, por todo o apoio prestado ao longo, não só da dissertação,
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Abstract
The FAIR (Facility for Antiprotons and Ions Research), a greater improve-
ment compared to current accelerators of the GSI Helmholtz Centre for
Heavy Ion Research in Darmstadt, Germany, will become the largest ac-
celerator for nuclear physics in Europe and one of the largest in the world.
Among the experiments planned for FAIR, the R3B (Reactions with Rela-
tivistic Radioactive Beams) collaboration seeks to explain the nuclear prop-
erties of unstable nuclei located within the limits of nuclear matter, the so-
called “drip-lines”. From the consideration of the physics cases to be studied
at R3B, the detection of high energy neutrons is essential for the measure-
ment of the many reactions to be observed. A high-resolution neutron ToF
spectrometer is required to determine the momentum of high-energy neu-
trons resulting from the decay of the projectile with energies in the range
of 200 MeV to 1000 MeV. One of the concepts for the neutron detector
NeuLAND was based on Resistive Plate Chambers (RPCs). The detection
principle of the detector using RPCs relies on the detection of the charged
particles created by hadronic showers induced by neutrons on materials. For
the optimization of a possible large area detector of 2×2 m2 made with RPCs
several simulations were performed using the Virtual Monte Carlo frame-
work FAIRROOT. The detector was design as a structure of single RPCs
modules with 5 gas gaps grouped one after another into a total of modules
enough to reach an efficiency of one neutron detection higher than 90%.
Different materials were studied as converters as well different thickness
iii
of glass plates with different geometrical configurations. The results of the
performed simulations, the evaluation of the full detector performance, and
the expected performance of a prototype to be tested at GSI in the spring of
2012 are presented.




O laboratório FAIR (Facility for Antiprotons and Ions Research), uma ac-
tualização dos actuais aceleradores do GSI Helmholtz Centre for Heavy
Ion Researchem Darmstadt, Alemanha, vai-se tornar o maior acelerador
para a f́ısica nuclear na Europa e um dos maiores do mundo. Entre as
experiências planeadas para o FAIR, a colaboração R3B (Reactions with
Relativistic Radioactive Beams) procura explicar as propriedades nucleares
dos núcleos instáveis localizados dentro dos limites da matéria nuclear, as
chamadas ”drip-lines”. A partir da consideração da f́ısica a ser estudada
na experiência R3B, a detecção de neutrões de alta energia é essencial para
a medição das muitas reacções que deverão ser observadas. É portanto
necessário um espectrómetro ToF de alta resolução para determinar o mo-
mento dos neutrões de alta energia resultantes da decomposição do projéctil
com energias num intervalo de 200 MeV a 1000 MeV. Um dos conceitos
para o detector de neutrões NeuLAND é baseado em RPCs (Resistive Plate
Chambers). O prinćıpio de detecção do detector usando RPCs baseia-se
na detecção de part́ıculas carregadas criadas por chuveiros hadrónicos in-
duzidos por neutrôes em materiais. Para a optimização de um posśıvel
detector de grande área de 2 × 2 m2 constrúıdo com RPCs, várias sim-
ulações foram realizadas utilizando o Virtual Monte Carlo framework FAIR-
ROOT. O detector foi desenhado como uma estrutura de módulos de RPCs
únicos com 5 gaps de gás agrupados um após o outro num total de módulos
suficientes para alcançar uma eficiência de detecção de um neutrão supe-
v
rior a 90%. Foram estudados diferentes materiais como conversores assim
como diferentes espessuras das placas de vidro com diferentes configurações
geométricas. Aqui serão apresentados os resultados das simulações real-
izadas assim como a avaliação do desempenho do detector completo e o
desempenho de um protótipo que será testado no GSI, na primavera de
2012.




This document presents the investigations performed during the R & D
phase of the future NeuLAND detector of experiment the R3B at the FAIR
laboratory, regarding one of the concepts initially considered for this detec-
tor, based on Resistive Plate Chambers (RPCs). During the evolution of
the studies performed, the NeuLAND collaboration, after evaluating pros
and cons of the two options considered, decided to conclude the R & D
for this detector and submitted a Technical Design Report, proposing the
construction of the NeuLAND detector with pure plastic scintillator. The
main criterium for this decission was the much better efficiency and reso-
lution in the reconstruction of the momentum of several neutrons hitting
simultaneously the detector.
This Thesis work summarizes the results obtained considering an alternative
concept for the RPC option. It does not intend to become an alterantive
to the results presented in the TDR, subscribed by both the author of this
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FAIR (Facility for Antiproton and Ion Research) [FAI-web], a greater upgrade of
the present GSI (GSI Helmholtz Centre for Heavy Ion Research GmbH) [GSI-web]
in Darmstadt, Germany, will become the largest accelerator for nuclear physics in
Europe and one of the largest in the world, only comparable to RIBF (Radioactive Ion
Beam Factory) in Japan and the future FRIB (Facility for Rare Isotope Beams) in the
United States of America. Several experiments are planned for FAIR. One of them is
the R3B (Reactions with Relativistic Radioactive Beams) experiment which seeks to
investigate the nuclear properties of unstable nuclei located within the limits of nuclear
matter, the so-called “drip-lines”. It is expected that the information acquired from the
experimental setup will answer many open questions in the fields of Nuclear Physics
and Nuclear Astrophysics, and thus performing frontier research at the limits of matter.
The detection of high-energy neutrons is essential to measured many of the reactions
that will be performed in the R3B setup. Particularly, all the processes that depend on
the reconstruction of the excitation energy trough the invariant mass analysis required
accurate measurements of the linear momentum of the ejected neutrons from the pro-
jectile. It is planned therefore to install a new Time-of-Flight detector, the NeuLAND
detector, to accurately measure neutrons with energies between 200 and 1000 MeV,
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which is the subject of study of this research work.
1.1 GSI
The GSI Helmholtz Centre for Heavy Ion Research GmbH [GSI-web] is located in
the Wixhausen suburb of Darmstadt, Germany. It is a federally and state co-funded
heavy ion research center. The scientific research conducted at GSI aims at a better
understanding of the structure and behavior of the nuclei. A schematic picture of the
facility is presented on the left side of Figure 1.1. GSI operates a unique large-scale
accelerator for heavy ions. It is possible to prepare ion beams of all elements up to
uranium and accelerate them to a significant fraction of the speed of light.
Figure 1.1: Schematic picture of the GSI and FAIR facilities.
A primary beam is generated by ion sources at the left most side of the complex.
The beam is injected in the 120 m linear accelerator (UNILAC), where the ions are
accelerated up to 20 percent of the speed of light. The beam is then injected in the
2
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GSI synchrotron, the SIS18 (SchwerIonen Synchrotron), where it is further accelerated.
After that, shooting the primary beam is extracted and guided towards a light target
where unstable nuclides are produced via in-flight fragmentation, and selected in the
magnetic spectrometer FRS (FRagment Separator) [FRS-web]. The secondary beams
are delivered to several experimental setups (Cave A, B and C) and also to the ESR
(Experimental Storage Ring) [GSI-web, FRS-web].The relativistic radioactive beams
are used to study the properties of unstable nuclides and to perform nuclear reactions
that give insight into the fundamental properties of nuclear matter and nuclear force.
These reactions are also essential in astrophysics, since they are expected to take place
in stars and exploding stellar environments such as supernovae.
1.2 FAIR
FAIR [FAI-web] is an update of the GSI facility, in which much higher intensities and
velocities of secondary beams will be achieved mainly due to a more efficient magnetic
spectrometer, the Super-FRS [SUP-web].
State of the art technological concepts will enable the construction of a better,
multipurpose accelerator facility. Its core, a double-ring accelerator (SIS100 heavy
ion synchrotron) with a circumference of 1100 meters, will be associated with a com-
plex system of cooler and storage rings and experimental setups. The synchrotron
will deliver ion beams of unprecedented intensities and energies. Thus also intensive
secondary beams can be produced, providing antiprotons and exotic nuclei for ground-
breaking experiments. A schematic picture is presented on the right side of Figure 1.1.
The whole project is characterized by many technological innovations. This justifies
expectations for brilliant beam properties with: higher beam intensities, brilliant beam
quality, higher beam energies, higher beam power and a parallel operation [FAI-web].
With this improvement, the existing experimental setups have also to be updated.
3
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The development and construction of new detectors at all experimental setups is on
course.
1.3 The Large Area Neutron Detector LAND
The Large Area Neutron Detector (LAND) is a high-efficiency neutron Time-of-
Flight detector, designed to measured neutrons with energies ranging from 100 to 1000
MeV [BLAI-92]. The detector is presently located at end of the LAND setup at cave
C at GSI. A schematic view of the setup is shown in Figure 1.2. A photograph of the

















Figure 1.2: Schematic drawing of the ALADIN-LAND setup. This setups aims to measure
energies, positions and Time-of-Flight of all particles present in the reactions. The LAND
detector is located after the ALADIN dipole magnet.
The detection principle of LAND is based on a sandwich structure of alternating lay-
ers of Fe converter material and plastic scintillators. The high-energy neutrons induce
nuclear reactions in the converter material producing charged particles subsequently
detected by the scintillator. A schematic drawing of the detector is shown in Figure
1.4. The detector has a modular structure. It is structured in 10 planes, build of 20
paddles each covering an active area of 2 × 2 m2. A paddle is the basic detector unit
4
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2. Design considerations 
 
2.1 The existing LAND detector 
 
The starting point for the design of NeuLAND is the existing LAND detector9, which still marks 
the state-of-the-art in detection of high-energy neutrons. A photograph of the detector is shown in 
Figure 5 (left). The detection principle is based on a sandwich structure of alternating layers of Fe 
converter material and plastic scintillators. The high-energy neutrons induce nuclear reactions in 
the converter material producing charged particles which are detected subsequently by the 
scintillator. Each layer has a thickness of 5 mm. The detector has a modular structure, each sub-
module or paddle is 10 cm thick and consists of 10 layers of both materials with a width of 10 cm 
and a length of 2 m, see Figure 5 (below). The individual paddles are read out from both sides 
with photomultipliers via light-guides. The total detector consists of 10 planes with 20 paddles 
each, thus covering an active area of 2×2 m2. The depth of 1 m corresponds to about 3 neutron 
interaction lengths and results in efficiencies of more than 90% for neutrons with kinetic energies 
above 400 MeV, as shown in Figure 5 (right). Below 200 MeV, the efficiency drops quickly due 
to a less effective production of energetic charged particles in the converter material. The number 
of paddles firing increases as a function of neutron kinetic energy from an average value of 3.2 
per incident neutron at 470 MeV to 5.6 at 1050 MeV. The efficiency values and hit multiplicities 
have been deduced from a calibration experiment with nearly mono-energetic neutrons produced 



















Figure 5:Left: Photograph of the existing LAND Detector, right: efficiency of the existing LAND 
detector as function of the kinetic energy of the neutron. Lower part: schematic view of a paddle 
of LAND. 
Figure 1.3: Photograph of the Land De-
tector. Figure 1.4: Schematic drawing of LAND.
(shown in Figure 1.5), with 10 × 10 × 200 cm3 active dimensions. Single sheets of
scintillator and of iron (5 mm thickness) are alternated to build the paddle structure.
All sh ets of scintillator belongi g to a si gle paddl are couple at both ends to pho-
tomultiplier tubes. Paddles in the consecutive planes are arranged perpendicularly to
each other. When a paddle is hit, the position along the paddle is provided by the time
difference of the signals measured by the two PM tubes, while the other two positions









Figure 4.7: Right: A schematic drawing of the neutron detector LAND. Left:
details of construction of a single paddle of the neutron detector.
y =
A1 + A2 ! A3 ! A4
A1 + A2 + A3 + A4
(4.3)
where A1 - A4 are amplitudes of signals collected on the respective anodes.
Each of the PSP detectors was equipped with an additional active mask
used for the position calibration. It consists of a number of rectangular
“pixels” of 0.5x0.5 mm2 dimensions, made of scintillating material. Pixels
were arranged in a grid with a pitch of 2 mm and inlaid into a plastic plate
which at the same time served as a light guide. The light guide plate was
coupled to a single photomultiplier tube. The mask can be inserted to and
removed from the beam line by a remotely controlled device. During the
experiment it is inserted in front of the PSP detector only for a very short
time required to collect the calibration data and removed at all other times.
4.6 Measurement of dissociation products
4.6.1 Neutron(s) detection
Neutrons, emerging from the decay of the projectile excited in the target, are
kinematically focused in forward direction. This allows for their detection
with very high geometrical acceptance, by means of the LAND detector1 [7]
located about 12 m downstream from the target.
A schematic drawing of the neutron detector is presented in Figure 4.7.
Mechanically the detector is structured into 10 planes, build of 20 basic de-
tector units each. A basic unit, called paddle, is a sandwich-like, multilayered
structure of plastic scintillator sheets interspersed with iron converter plates.
The active dimensions of a paddle are 10"10"200 cm3, while a single sheet
1The name LAND is an acronym of Large Area Neutron Detector
32
Figure 1.5: Details of construction of a single paddle of the LAND detector.
The depth of 1 m corresponds to about 3 neutron interaction lengths and results
in efficiencies of more than 90% for neutrons with kinetic energies above 400 MeV,
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as shown in Figure 1.6. The optimally working LAND presents a time resolution of
σt ≈ 250 ps and a position resolution of σx,y,z = 3 cm.
Measurement of dissociation products 33















Figure 4.8: Intrinsic e!ciency of the LAND detector, in function of kinetic
energy of an impinging neutron.
of scintillator or of iron converter is 5 mm thick. All sheets of scintillator be-
longing to a single paddle are at both ends coupled to photomultiplier tubes.
Paddles in the consecutive planes are arranged perpendicularly to each other.
An incident neutron is not directly detected in the scintillator. Instead it has
to induce a nuclear reaction in the iron converter. Only charged particles that
are produced in such reactions, and released from the iron to the scintillator,
are detected and serve as a marker of the primary neutron. A neutron can
also kick out a charge particle in one of the paddles and be scattered to the
other paddle and induce further reactions there. Therefore the hit pattern
of a single neutron can be complex.
In order to understand the detector response, calibration runs with tagged
neutrons from the break-up of deuterium beam, were performed in the past.
Figure 4.8 presents an experimentally determined intrinsic e!ciency for the
single neutron detection in function of the neutron energy.
The 3-dimensional position of the hit, along with the time information, is ob-
tained by analysis of the hadronic shower induced by the primary neutron.
Thanks to the granularity of the detector, it is possible to reconstruct multi-
neutron hits, as well. The e!ciency for the correct identification of neutron
multiplicity, however, strongly depends on the number of impinging neu-
trons. E!ciency of the neutron reconstruction algorithm, deduced by means
of simulations based on event mixing technique, are summarized in Table 4.1
(cited after [19]). Columns of the table correspond to the simulated number
of neutrons and rows correspond to the reconstructed multiplicity. The pre-
dictive power of the reconstruction algorithm is very high in case of single
neutron hits but drops down for multi-neutron hits.
33
Figure 1.6: Intrinsic efficiency of the LAND detector in function of kinetic energy of the
neutron. Figure from [NEU-rep].
1.4 The R3B experimental setup
The R3B experience will be part of the FAIR update at GSI, under part of the
high-energy branch. It is based on a concept similar to the existing LAND experimental
setup at the GSI [R3B-web]. As already mentioned, secondary beams of higher energy
and intensities will be available at FAIR. The R3B experiment presents a substantial
improvement compared to the current LAND setup respecting in terms of efficiency and
resolution. Additional detectors are foreseen for the detection of light recoil particles
and for the tracking of heavy-ion trajectories and precise momentum measurements. In
Figure 1.7 we can see a scheme of the expected R3B setup and the involved detectors.
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Figure 1: Schematic drawing of the experimental setup comprising -ray and target recoil detection, a 
large-acceptance dipole magnet, a high-resolution magnetic spectrometer, neutron and light-charged 
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Figure 1.7: Schematic drawing of the R3B experimental setup comprising γ-ray and
target recoil detection, a large-acceptance dipole magnet, a high-resolution magnetic spec-
trometer, neutron and light-charged particle detectors, and a variety of heavy-ion detectors.
During the past decade it has been demonstrated that reactions with high-energy
secondary beams are an important tool to explore properties of nuclei, which allows
detailed spectroscopic information to be extracted. R3B will cover experimental reac-
tion studies with exotic nuclei far off stability, with emphasis on nuclear structure and
dynamics. Astrophysical aspects and technical applications are also in the scientific
program. A survey of reaction types and associated physics goals that can be achieved
at R3B [R3B-05] is given in Table 1.1.




Table 1.1: Reaction types with high-energy beams foreseen at R3B and the corresponding
achievable information
Reaction type Physics Goals
Knockout Shell structure, valence-nucleon wave function,
many-particle decay channels unbound states, nu-
clear resonances beyond the drip lines
Quasi-free Scatering Single-particle spectral functions, shell-occupation
probabilities, nucleon-nucleon correlations, cluster
structures
Total-absorption measurements Nuclear matter radii, halo and skin structures
Elastic proton scattering Nuclear matter densities, halo and skin structures
Heavy-ion induced electromag-
netic excitation
Low-lying transition strength, single-particle struc-
ture, astrophysical S factor, soft coherent modes,
low-lying resonances in the continuum, giant dipole
(quadrupole) strength
Charge-exchange reactions Gamow-Teller strength, soft excitation modes,
spin-dipole resonance, neutron skin thickness
Fission Shell structure, dynamical properties
Spallation Reaction mechanism, astrophysics, applications:




Equation-of-state, thermal instabilities, structural
phenomena in excited nuclei
1.5 The future NeuLAND detector for the R3B experi-
ment
From the consideration of the physics cases to be studied at R3B, a high-resolution
neutron ToF spectrometer is required to determine the momentum of high-energy neu-
trons resulting from the decay of the projectile with energies in the range of 200 MeV
to 1000 MeV.
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1.5.1 Design Goals
The design goals of NeuLAND have been chosen to match the momentum resolu-
tion of the charged fragments of ∆p/p ≈ 10−3 [R3B-05]. To achieve this momentum
resolution a time resolution of σt < 100 ps and a position resolution of σx,y,z ≈ 1 cm
for flight paths in the range from 10 to 35 m is require.
The Time-of-Flight and positions resolutions given above will result in a energy
resolution of about 20 keV at excitation energy of 100 keV above the threshold if the
detector is placed at 30 m from the target for a medium-mass nucleus with an incoming
energy of 500 AMeV [NEU-rep]. The active area of the detector will remain the same as
the LAND detector, 2×2 m2 which will result in the maximum geometrical acceptance
of ±80 mrad at 12.5 m from the target as defined by the gap of the large-acceptance
dipole. NeuLAND should also have an efficiency for one-neutron detection ε > 90%
and be capable of resolving up to 5 neutrons per event and reconstruct their momenta
correctly [R3B-05].
There were two major detector concepts for NeuLAND, based on scintillation ma-
terial and on Resistive Plate Chambers (RPC). The RPC concept is very attractive
from the cost point, since this type of detector is based on common materials. Since
RPCs are used for the detection of charged particles, usually minimum ionizing par-
ticles (MIPs), meaning that will be required an effort in R&D to detect hight-energy
neutron with RPCs.
Once the RPC concept of the NeuLAND is the subject of this work, it will be





The physics of the neutron
Before entering in a detailed explanation of the NeuLAND detector, let’s first have
a look at the physics of the neutron.
2.1 The neutron
The neutron is a subatomic particle with no net electric charge and a mass slightly
larger than that of the proton. Nuclei of atoms consist of protons and neutrons, which
are therefore collectively referred to as nucleons. The neutron was discovery by James
Chadwick in 1932 [CHA-32], although it was theoretically predicted in 1920 by Ernest
Rutherford.
2.2 Intrinsic properties
A neutron consists in three quarks, two down quarks with charge −1/3 e and one
up quark with charge +2/3e. The quark structure of the neutron is presented in Figure
2.1.
While bound neutrons in stable nuclei are stable, free neutrons are unstable. The
only possible decay mode without a change of baryon number is for one of the quarks
11




Figure 2.1: The quark structure of the
neutron.
Figure 2.2: The Feynman diagram for
beta decay of a neutron into a proton, elec-
tron, and electron antineutrino via an in-
termediate heavy W boson.
to change flavour via the weak interaction. This process is the so-called β−-decay. In
Figure 2.2 is presented the Feynman diagram for decay of a neutron. Free neutrons
decays into an electron and an electron antineutrino to become a proton by [YAO-06b]
with a mean lifetime of about 14 minutes and 46 seconds [YAO-06a]:
n0 → p+ + e− + ν̄e (2.1)
2.3 Neutron Sources
As mentioned above, free neutrons are unstable. Therefor they can be obtained
only from nuclear disintegrations, nuclear reactions, and high-energy reactions.
• Nuclear reactors are the most copious sources of neutrons. The energy of the
neutrons runs between a few keV and more than 10 MeV with a mean energy of
2 MeV. Whit research reactors we can make use of a neutron beam with a large
energy spectrum.
• Nuclear reactions are used as well to obtain monoenergetic neutron beams. For
example, we can produce neutrons by accelerating deuterons striking on a tritium






1 H →42 He+10 n (2.2)
and selecting a certain angle for the neutron.
When aiming monoenergetic neutrons by means of nuclear reactions, it is com-
mon to use light materials as targets combined with proton or deuteron beams,
avoiding the population of resonances in the compound nucleus. Table 2.1 lists a
few important reactions used to obtain monoenergetic neutron beams [TUR-07].
Table 2.1: Reactions Used to Produce Monoenergetic Neutrons with Accelerated Protons
(p) and Deuterons (d) and the respective Q value






• It is also possible to obtain neutrons with an (α, n) reaction. Mixing together an
alpha source (usually radium, polonium or plutonium) and a light metal (beryl-
lium or boron) in powder form and encapsulated we can obtain a neutron source





4 Be→126 C +10 n (2.3)
Light metals are used in order to minimize the Coulomb repulsion between the
alpha particle and the nucleus. The neutron intensity from such a source dies off
13
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with the half-life of the alpha emitter. Neutrons leave the source with a continuos
energy spectrum. Table 2.2 lists some (α, n) neutron sources [TUR-07].
Table 2.2: Examples of (α, n) Neutron Sources.
Source Average Neutron Energy (MeV) Half-life
210Po 9Be 4.2 138 d
210Po 11B 2.5 138 d
226Ra 9Be 3.9 1600 y
226Ra 11B 3.0 1600 y
239Pu 9Be 4.5 24100 y
• Similarly, photoneutron sources, generating neutrons via (γ, n) reactions, are also
available. Several examples are shown in Table 2.3. In contrast to (α, n) sources,
which emit neutrons with a continuous energy spectrum, monoenergetic pho-
toneutrons can be obtained by selecting a radioactive isotope that emits a single
photon.
Table 2.3: Examples of(γ, n) Neutron Sources.
Source Neutron Energy (MeV) Half-life
24Na 9Be 0.97 15 h
24Na 2D2
16O 0.26 15 h
116In 9Be 0.38 54 min
124Sb 9Be 0.024 60 d
140Ra 9Be 0.75 40 h
• Some very heavy nuclei fission spontaneously, emitting neutrons in the process.
They can be encapsulated and used as neutron sources.
14
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2.4 Classification of Neutrons
As shown above, neutrons can be produced from a variety of nuclear reactions with
different energies. They are usually classified according to their energies:
• Thermal neutrons: energy of 0.025 eV;
• “Slow”, “intermediate”, or “resonance” neutrons: energies up to 0.01 MeV or
0.1 MeV;
• Fast neutrons: energies up to 10 MeV or 20 MeV;
• Relativistic Neutron: higher energies.
2.5 Interactions with Matter
Neutrons can interact with matter in different ways. Figure 2.3 shows the types of














Elastic Inelastic Electro - magnetic Charged Neutral
(n,f)
Fission
--------------------- --------------------- --------------------- --------------------- --------------------- ---------------------
Figure 2.3: Various categories of neutron interaction. The letters represent the incoming
particle and outgoing particles.
Since neutrons are neutral particles, they do not electrically interact with the atomic
electrons, interacting directly with the nucleus. Thus, they present a high capability of
15
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penetration in most materials. As shown in Figure 2.3, the neutrons interact mostly
by two process: scattering and absorption.
The scattering process consists in the change of direction after a collision by the
neutron with the nucleus and can be of two types:
• Elastic: in this collision the nucleus does not suffer any structural change and
there is no energy transfer for generation of radiation, the total kinetic energy of
the neutron and nucleus is unchanged by the interaction.
• Inelastic: inelastic scattering is similar to elastic scattering except that the nu-
cleus undergoes an internal rearrangement into an excited state from which it
eventually releases radiation. The total kinetic energy of the outgoing neutron
and nucleus is less than the kinetic energy of the incoming neutron.
Instead of being scattered, the neutron can be absorbed or captured. A radioactive
emission may follow. As shown in Figure 2.3, the rearrangement of the nucleus may
be followed by the emission of several γ rays as well as charged particles. The more
common charged particles that can be emitted are protons, deuterons and α particles.
Following the interaction, the nucleus may also evaporate several neutrons in the deex-
citation process. The emission of just one neutron is indistinguishable from a scattering
event.
All the described neutrons interactions have a certain probability to happen. The
probability of a particular event occurring between a nucleus and a neutron is expressed
by the concept of cross section. Expressed in units of area (1 barn = 10−24 cm2). Each
type of event has its own probability and cross section. The sum of all the individuals
cross sections gives the total cross section. The cross sections associated with the
various interactions described above can be designated by the following notation:
σt = total cross section (σs + σa)
16
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σs = total scattering cross section (σel + σi)
σel or σ(n,n) = elastic scattering cross section
σi or σ(n,n′) = inelastic scattering cross section
σa or σc = absorption or capture cross section
σne = nonelastic cross section, σt − σel
σ(n,γ) = radiative capture cross section
σf = fission cross section
σ(n,p) = (n, p) reaction cross section
All cross sections described above depend on the neutron energy and on the target
nucleus. The magnitude of the cross section depends on the type of reaction (elastic,
inelastic) and on the type of interaction associate to the reaction.
The hadronic process associated to the interactions of neutrons with nuclei used in
this work are described in section 4.4.
17




The Resistive Plate Chamber (RPC) is a gaseous avalanche detector and was de-
veloped by R. Santonico and R. Carderelli in 1981 [SAN-81]. In this chapter a brief
discussion about the evolution of gaseous parallel plate detectors like the RPC as also
the inherent detection processes will be given. However, to understand the detection
principle of the RPCs is important to describe the physics processes in ionizing gas
detectors.
3.1 Physics processes in ionizing gas detectors
In these sections, a brief description of the processes that the different particles
interact with the ionizing gas detectors as also the description of the avalanche mech-
anisms in gases will be given.
3.1.1 Electromagnetic interactions
Most the particles have electric charge and therefore interact electromagnetically.
In addition the electromagnetic interaction is well understood.
19
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3.1.1.1 Interactions of heavy charged particles with matter
The interactions of heavy relativistic charged particles are mainly described by the
energy loss trough ionizations and excitations in a medium. The average energy loss




















where me is electron mass, z the charge of the incident particle and β its velocity and
γ the Lorentz factor. The medium contribution is described by the ratio of its atomic
to mass number Z/A, the density η and the mean excitation energy I. The factor K








= 0.307075 MeV g−1 cm2 (3.2)
where e is the electron charge, ε0 the vacuum dielectric constant and NA de Avo-
gadro’s number.
In equation 3.1, Tmax is defined as the maximum kinetic energy that can be trans-




1 + 2γme/M +me/M2
(3.3)
where M is the mass of the particle.
The total energy loss described by the equation 3.1, can be described however by
a sum of the energy loss result from close collisions and the energy loss result from
distant collisions.
Distant and close collisions
The atomic differential cross section that a particle with energy E loses an energy
between E′ and E′ + dE′ in a collision with an atom is:
20






Therefore, the average number of collisions with an energy loss between E′ and




























where k is the energy loss resulting from the collisions. The total energy loss is a sum
of the energy loss resulting from distant collisions kb>bmin and the energy loss resulting










(kb>bmin + kb<bmin) (3.7)
Distant collisions
Distant collisions take place at large impact parameters (b > bmin). There is a
small transfer of energy and they are responsible for the excitations of the atoms of the
medium.

















Close collisions take place at small impact parameters (b < bmin). A large energy is
transferred in the interaction. They are responsible for the ionizations in the medium.
The application of principles of conservation of energy and momentum leads to
the maximum kinetic energy that can be imparted to a free electron in a collision of
a particle, considering however that a close collision of the particle with an atomic
electron is not different from a collision between a charged particle and a free electron.





















where re is the classic electron radius: re = e
2/4πε0mec
2.
The total energy loss for heavy particles given in equation 3.1 is calculated with
equations 3.7, 3.8 and 3.10.
The Density Effect
The distant collision contribution to the total energy loss due to ionization and
excitation increases for relativistic particles as ln(βγ) [HAG-02]. The value of the
transverse electric field increases with energy. Thus, materials become polarized and the
electric field of the particle is partly screened introducing the density effect correction
δ. At relativistic energies δ is given by:
22
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δ = 2 ln(hωp/I) + 2 ln(βγ)− 1 (3.11)








whereNe is the electron density and α the fine structure constant α ≈ 1/137. Therefore,





















In Figure 3.1 is shown the energy loss − 1η dEdX due to ionization and bremsstrahlung
for µ+ in copper as function of βγ.




















































due to ionization and due to bremsstrahlung for
positive muons in copper as a function of    = pµ/mµc over nine orders of magnitude
in momentum (twelve orders of magnitude in kinetic energy) [11]. For the energy loss
due to ionization and excitation the curves with and without density effect correction
are shown. The critical energy EµC , at which the energy loss due to ionization equals
the energy loss due to bremsstrahlung is indicated. The solid curve indicates the total
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. (1.14)
This is the Bethe-Bloch equation for the energy loss due to ionization and excitation
for particles heavier than electrons. Fig. 1.3 shows the energy loss due to ionization
and excitation of muons in copper versus the muon momentum. The density effect
correction becomes important for muon momenta pµ & 200MeV/c.





)  x is the average energy loss due to Ionization and Excitation
in a layer of the medium with thickness  x. The real energy loss will fluctuate around
Figure 3.1: Energy loss for µ+ in cover with nine orders of magnitude in momentum
[HAG-02].
For the energy l ss by ionization and excitatio the curves with and without density
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effect are shown in Figure 3.1. The critical energy EµC is also indicated, where the
energy loss due to ionization is equal to the energy loss due to bremsstrahlung. The
solid curve indicates the total energy loss which is the sum of the two.
3.1.1.2 Interactions of high energy electrons with matter
Electrons with energy in the range of tenths of MeV start to lose energy via
bremsstrahlung. The characteristic distance for this process is the radiation length
X0 defined as the distance over which an electron losses in average 1/e of its energy.
Approximate formulas for X0 are given in [GRU-96]. The energy loss by radiation
depends strongly on the absorbing material. For each material we can define a critical












At hight energies, radiative processes becomes more important than ionization.
3.1.1.3 Interaction of γ photons with matter
The three more relevant manners that photons interact with matter are the follow-
ing:
1. Photoelectric effect: at energies comparable to the binding energies of the elec-
trons in the atom, the photon will transfer all its energy which will result in a
ejected electron with equal energy of the photon minus the binding energy:
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Ee = hν −K (3.16)
where K is the binding energy and hν the photon energy.
2. Compton effect: The interaction of a photon with a free electron leads to the
Compton effect. The photon transfers a part of its energy and momentum to the
electron at rest. The interaction can be evaluated considering the energy and
momentum conservation:
Ee =
(1− cos θ) hν
mec2




with θ the angle between the photon and the electron after the interaction. The
maximum of energy that a photon can transfers to a electrons corresponds to the
θ = π.
3. Pair Production: when a photon exceeds the energy of twice the electron mass
(2me ≈ 1.022 MeV) the production of an electron positron pair become ener-
getically possible. The interaction of the photon with the Coulomb field of the
nucleus leads to the production of electron-positron pairs. The energy excess over
2me is shared by booth the particles.
3.1.2 The physics of avalanches in gases
In 1990 Townsend [TOW-10] measured the current between two parallel electrodes
while a small numbers of electrons was resealed from the cathode. He observed an
exponential growth of the current with the increase of the applied voltage. This fact was
interpreted as the result of a multiplication process originated by the drifting electrons
and ions when they achieve the necessary energy to induce further ionizations. This
phenomenon has been used to produce measurable signals from a small number of
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gas ionizations and the term avalanche has became popular for the description of this
multiplication cascade.
3.1.2.1 Physics processes
When a charged particle crosses the gas volume the gas can be ionized releasing
electrons. These electrons are further multiplied due an applied electric field. During
the migration of the released charges towards the electrodes, collisions with the gas
molecules may occur. The released ions, due to its low mobility, do not acquire signif-
icant energy in the collisions, while the electrons are easily accelerated by the applied
electric field and can acquire a significant energy when experience a collision. If the
energy of the electron is bigger than the ionization energy of the gas molecules, it is
possible that an electron-ion pair is released. The process of multiplication starts and
takes a cascade shape (Townsend avalanche) where each released electron can release
more electrons by the same precess.




where α is the first Townsend coefficient for the gas. The coefficient is zero for
electric field values below the limit and increases with the electric field increase. For
a constant electric field, the coefficient α is constant in the Townsend equation and is





3.1 Physics processes in ionizing gas detectors
3.1.2.2 Energy distributions
A free particle in a gas will lose its energy by multiple collisions until the same
thermal distribution of the constituents is reached. The kinetic theory of gases provides









with an average energy ε̄ = 3/2kT ≈ 0.04 eV under normal conditions (T≈25oC).
With an external field applied, the energy distribution is a compromise between
the average energy lost by collisions and the mean free path of the particle where the
particle regained energy.
The ions released by the gas ionized are fast thermalized even in the presence of very
high electric fields. For the electrons is a complete different situation, They are both
numerical [PAL-75] and analytic [SCH-78] descriptions based on the kinetic theory of
gases.
3.1.2.3 Drift velocities and Diffusion
When the charge carriers are under the effect of an electric field they migrate in
the direction of the electrodes. The drift velocity results from the average over the











d cos θ (3.21)
where θ is the angle between the particle velocity and the direction of the electric field.



















where dN0dε is the energy distribution in the absence of electric fields.
Expression 3.22 can be analytically solved assuming a constant value for the mean







λeE = µe(i)E (3.23)
where µe(i) is defined as the electronic (or ionic) mobility.
Due to a larger mass, the ions have drift speeds about 1000 times lower than those
presented by electrons under the same conditions.
Superimposed on the drift speed of carriers due to the electric field is the thermal
motion in all directions. The greater the distance to go before reaching the anode, the
more the electrons that will suffer diffusion.
If we assume that at a distance x a cluster of N0 particles is located, they will








Which is a Gaussian distribution whose width is going to increase with time as
√
2Dt. The parameter D is the diffusion coefficient which governs the diffusion process.













The equations for the progression of densities of electrons and ions with an electric
field applied can be described as a function of the parameters ve, vi, De, Di and the
first Townsend coefficient α as [DAV-73]:
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∂ne(x, y, z, t)
∂t
= αne|ve| − ∇(neve) +De∇2ne (3.26)
∂ni(x, y, z, t)
∂t
= αne|ve| − ∇(nivi) +Di∇2ni (3.27)
Assuming that transversal and longitudinal diffusions coefficients are equal and
assuming N0 electrons released together at instant t = 0 from some point in the cathode
(actually the electrons are produced between 0 and x independently from each other.
Thus, it can be assumed in a first approximation that they are released simultaneously
from the origin), the solution of equations 3.26 and 3.27 is given by [MEE-78]:




2 + y2 + (z − vet)2
4Det
) (3.28)
Therefore, the average increase in the number of charges in the avalanche can be
described, in first approximation, by the Townsend amplification theory:
ne = N0e
αvet (3.29)
After collection at the anode, at a distance d from where the avalanche started, the
average increase of initial particles is given by g = eαd.
3.1.2.5 Avalanche statistics










Therefore, there is a stochastic process for the ionizing probability of the electrons
(ions) of the avalanche. If the released of charges is very large, this effect will be small.
However, this effect becomes important in the early stages of the avalanches (will affect
the avalanche gain).
The distributions of gains for avalanches, initiated at a distance d by a single electron







with ḡ = eαd as the average gain.
3.2 Evolution of Parallel Plate Detectors
A Parallel Plate Chamber (PPC) consists in 2 parallel metallic electrodes operated
at high voltage providing an uniform electric field in between them. The gap between
the plates is filled with gas. The passage of a charged particle in the volume delimited by
the 2 electrodes creates electron-ion pairs with a certain density (primary ionization).
In a later stage, the released electrons are accelerated towards the anode acquiring
sufficient energy for inducing further ionizations in a cascading process called avalanche
(a detailed explanation was given in section 3.1.2). In this way it is possible to produce
a measurable amount of charge from a few number of initial charges. The very fast
drifting electrons create a signal that can be used for timing purposes.
3.2.1 Spark Counter
The first application of a parallel plate geometry for timing dates back to 1948, the
so-called Keuffel Spark Counter [KEU-48]. It showed a time resolution of 1 ns by far
better than any Geiger-Müller Counters that were commonly used at time (100 ns).
This development allowed the construction of accurate timing systems to measure the
30
3.2 Evolution of Parallel Plate Detectors
velocity of fast charged particles.
Spark Counts generally consists of 2 planar electrodes with a high voltage applied.
The volume in between them is filled with gas. The passage of charged particles in the
gas leaves a trace of free charges in the gas that produces avalanches of charged carriers
in the electric field. When a avalanche reaches a certain size they transform into a
streamer. A streamer is defined as a state where photons contribute to the spread of
free charge carriers. Then, a conducting plasma filament connecting the two electrodes
is formed. Through this channel the electrodes are discharged creating a spark. The
fast voltage signal created from the rapidly growing anode current can be taken as a
time flag for the arrival of the charged particle. In this process is created an enormous
amount of charge released by the spark which leads to no need to further amplification.
The counting rate of this type of detector is limited by the time that is needed to
recharge the electrodes. The recovery time needed by the detector is typically some
milliseconds.
To overcome the limited count rate, in 1971 [PAR-71] a new type of spark counter
operated with electrodes covered by high resistivity materials (glass) was developed.
With resistive plate electrodes the voltage breakdown was prevented ,i.e., the resistivity
of around 109 Ωcm of the electrodes leads to a limitation of the discharge to the area
around the primary avalanche. Because the high voltage drops only locally, the detector
is still sensitive to particles in the remaining area. The Pestov Spark Counter has
achieved a time resolution down to 25 ps [PES-98] with a 0.1 mm gass gap. However,
this detector have a high technical complexity; a very small gas gap combined with high
values of electric field and the large overpressure of 12 bar required for high efficiency
makes the mechanical requirements very demanding.
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3.2.2 Parallel Plate Avalanche Chambers
A Parallel Plate Avalanche Chamber (PPAC) is a single gap gaseous detector. This
type of detector is very similar to the Spark Counters, but in contrast to them the
PPAC is operated in avalanche mode avoiding discharges. It commonly consists of
two planar metallic electrodes. Its advantages are the fast response and increased rate
capability [AKI-94]. However, the signals are very small [CHA-91] which gives a low
signal-to-noise ratio. A low signal leaves to use a low noise and very sensitive electronics
which contradicts with the fast rise time needed for timing purposes.
3.2.3 Resistive Plate Chambers
As mentioned, the RPCs were first developed by R. Santonico and R. Carderelli in
1981. Similar to the Spark Counter and the PPAC, the RPC consists of two parallel
plate electrodes. The first RPC had 2 copper electrodes covered with high resistance
plates made of Bakelite. In Figure 3.2 a schematic drawing of the compounds of the
first RPC is shown. With a sensitive area of 85 × 13 cm 2 and a gap of 1.5 mm filled
with a gas mixture Argon/iso-C4H10 (iso-butane) in a proportion 1:1, the detector was
operated in stream mode and the gas circulate at atmospheric pressure.









Figure 3.2: Schematic drawing of the first RPC
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This design has achieved a 97% efficiency and a time distribution of 1.2 ns FWHM.
From this moment on, the RPCs entered in a continuous state of evolution, the
achievement of these performance made the RPCs an alternative to plastic scintillators.
3.2.4 Double gap RPC
The double gap geometry was introduced in 1988 [CAR-88] with an increase of the
gap for 2 mm. In Figure 3.3 a schematic illustration of the double gap RPC can be
seen. It had a symmetric geometry with the ground electrode in the center and HV
applied over the out layers. This detector had a increase in the efficiency and time
resolutions similar to the one gap RPC.
3.2.5 Operation modes
The RPC can be operated in two different modes, streamer mode (discharge mode)
or avalanche mode. In avalanche mode, after the release of primary charge by the
incoming ionizing radiation, it will be generated in the amplification volume a Tonwsend
avalanche with the propagation and multiplication of the electrons. If the gas gain is
further increased, photons can start to contribute to the propagation of the avalanche
and streamers appear. At a later stage, a conductive channel can be formed between
the two electrodes, through which the local electrode surfaces are discharged. A spark
may be created. In avalanche mode, streamers are unwanted. Streamer mode RPCs
make use of the large current induced by the streamers which simplifies the read-out
electronics compared to the avalanche mode.
In the stream mode the signals are quite large (between 50 pC and a few nC), there
is no need to preamplify the signals and can be discriminated directly. In the avalanche
mode we can consider one average charge of 10 pC.
RPCs operated in avalanche mode often use gas mixtures of tetrafluoroethane
(C2H2F4) with 2% to 5% of isobutane (iso-C4H10) and with sulfur hexafluoride (SF6)
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with a percentage between 0.4% to 10%. The adition of SF6 difficult the transition of
an Tonwsend avalanche to a streamer, enabling the avalanche mode operation to higher
charges. In streamer mode gas mixtures of argon, isobutane and tetrafluoroethane with
several proportions are used.
3.2.6 Multi-gap RPC
In 1996 [CER-96] appeared a new design by the M.C.S Williams’s group consisting
in 3 gaps of 3 mm delimited by bakelite plates (fig. 3.4). According to the developers,
this design had a similar time resolution as the single-gap 2 mm chamber and a increase
of the efficiency plateau.
One approximation for the efficiency increase can be given by:
ε = 1− (1− εN )N (3.32)
where N denotes the number of gaps and εN the efficiency per single gap. Assuming
that at least one of the gaps must provide a detectable signal with the independence






which is aspected if the time response is Gaussian. However, it was observed that the
time resolution improves with the decrease of the gaps width[FON-02]. The multi-gap
configuration of a RPC can therefore provide the good time of a narrow RPC and a
high efficiency as a characteristic of a wide RPC.
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Figure 3.3: Schematic drawing of a sym-






Figure 3.4: Schematic drawing of the 3-
gap design according to [CER-96].
3.2.7 Timing RPC
In the year 2000, P. Fonte, A. Smirnitski and M.C.S. Williams [FON-00b] accom-
plished to operate a multi-gap RPC in avalanche mode with gaps of 300 µm and glass
electrodes with a field of 100 kV/cm. This development as achieved a time resolution
of 120 ps and was proved the decrease down to 50 ps for small detectors [FON-00a].
The application of this technology in large size tRPCs (timing RPCs) was also been
confirmed [BLA-02] with timing resolution below 100 ps. The original gas mixture that
was used was C2H2F4/SF6/iso-C4H10 (85/10/5) based on results for wide-gaps RPCs.
It seems that the addition of small fraction of SF6 improve the stability, the efficiency
plateau and reduce the amount of streams.
3.2.8 Properties of the tRPC
As the main subject of this work is the simulations of a detector based on tRPCs,
in this section will some proprieties be discussed, in particular the ones more important
to this work, efficiency and time response.
3.2.8.1 Efficiency
The intrinsic efficiency of an RPC is given by:
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εi = 1− e−d/λ = 1− e−n0 (3.34)
where d is the gap width, λ the mean free path for ionization of the primary particle
and n0 the average number of clusters. The efficiency is directly related to the number







The theoretical description of the efficiency is bigger than the measured one. There
is two main reasons for that: the lowest value achievable for the threshold of the
comparator is limited by the noise level and there is always a probability that the
electrons in a cluster are attached and no electron signal is collected.
3.2.8.2 Time response
In [BLA-03] a model that uses the the main dependencies of the intrinsic time
response of an RPC is available. This model allows to obtain the time response as
a function of n′0 which is related with the measured efficiency and with the growth



















where Tth = ln[mt(1−µ/α)] and I1 is the modified Bessel function. The rms (Root
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3.3 The pre-design of the RPC-based NeuLAND
As already mentioned, it was shown that a large tRPC (160 cm × 10 cm, 2 strip
readout) [BLA-02] can provide good time resolutions of σt ≈ 50− 70 ps and a position
resolution of 1.2 cm along the strips. Besides that, an efficiency of more than 95% for
minimum ionizing particles (MIPs) was reached. With those resolutions, efficiencies and
a relative low cost when compared to scintillators, RPCs appears to be an very good
choice for the detection of the charged particles resulting from the hadronic showers
induced by neutrons.
The pre-design of NeuLAND based on RPCs relied on the LAND structure (see
section 1.3), a sandwich structure of converter material (iron, tungsten) and RPCs
arrays [NEU-rep]. The modular structure of the NeuLAND pre-design is presented in
Figure 3.5, one detector plane with 4 modules of 200× 50 cm2 each.
200 cm
4 x 50 cm
Figure 3.5: Schematic drawing of the modular structure of the NeuLAND detector based
in RPCs.
In Figure 3.6 is shown a schematic drawing of a RPC prototype developed at GSI.
As it can be observed, the converter material is included in the RPCS structure using 4
mm and 2 mm thick iron plates as anode strips and electrodes, respectively. The area
of 200 × 50 cm2 is subdivided by individual read-out anode strips of approximately 3
cm with and 200 cm length [NEU-rep]. The time signals induced by charged particles
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produced by hadronic showers are taken from the anode for both far sides of the RPC
chambers, thus allowing for mean time information and for position information within
the length of the chamber via the time-difference method. The depth of one RPC plane
will depend on details of inserted materials and number of gas gaps required. However,
with iron as converter material, it will be required about 90 cm of total thickness depth
to reach a material depth of more than 3 interactions lengths necessary to reach high






Fe Float Glass Kapton
Spacer Gas (85% C2H2F4 + 10% SF6 + 5% iso-C4H10)
Figure 3.6: Schematic drawing of the pre-design NeuLAND RPC prototype developed at
GSI with Fe as converter material.
The main constraint of using RPCs for the design consideration was that RPCs are
usually used for the detection of MIPs. One of the open questions was if the excellent
timing and efficiency properties of the RPCs would persist for the detection of slower
protons resulted from the hadronic showers. To prove the performance of RPCs in this
respect an experiment was carried out by the NeuLAND collaboration using existing
RPCs from other collaborations exposing them to proton beams of various energies.
This experiment was performed with proton beams at different energies (190 MeV,
120 MeV) at KVI in Groningen (Netherlands). Two different types of RPC were
investigated, one from the FOPI collaboration and other provide by the LIP-Coimbra.
The FOPI RPC showed a time resolution of ≈ 45 ps (Fig. 3.7) and a efficiency of about
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90% [NEU-rep] for all the proton energies used. The LIP-Coimbra RPC showed a time
resolution of ≈ 80-100 ps and efficiencies of nearly 100%.
These results proved the feasibility to detect one neutron with the concept of using
converter plus RPCs for charged particle detection.
R3B / Technical Status Report / NeuLAND / November 2008 
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Figure 11: Time resolution of a FOPI RPC strip with 120MeV protons. The TDC conversion 
factor is 40 ps/channel. 
 
Figure 3.7: Time resolution of a FOPI RPC strip with 120 MeV protons. Figure from






In this chapter the frameworks where the simulations were performed, as well as
the methods and software packages used will bw described.
Simulations were performed using FairRoot [FAR-web], a Virtual Monte Carlo
(VMC) framework developed aatt GSI.
4.1 Virtual Monte Carlo
The concept of VMC was first developed by the ALICE (A Large Ion Collider
Experiment) Software project [ALI-web, HRI-03].
With the VMC concept the user Monte Carlo application can be defined indepen-
dently of a specific transport code (see Fig. 4.1). It can be run with all the supported
VMCs without changing the user code for the geometry definition, the detector response
of the detector and the input or output formats. The selection of a concrete Monte
Carlo transport (GEANT3 [GEA-web], Geant4 [GEA4-web] or Fluka [FLU-web]) is
made dynamically at run time.
The VMC is based on the ROOT system [ROO-web], which is used mainly for
















Figure 4.1: The Virtual Monte Carlo concept.
defined, simulations can be run using ROOT macros.
4.2 The FairRoot framework
The FairRoot framework is fully based on the ROOT system and is the simulation,
reconstruction and data analysis framework for the FAIR experiments. In Figure 4.2
the different implementations of FairRoot for different experiments of FAIR (CBM,
PANDA, R3B) are shown.
The FairRoot base libraries allow users to construct their detectors and analysis
tasks in a simple way using a common date structure based on Root Trees as well as
the use of a common geometry description based on the ROOT Geometry Modeler.
Users can control the functionality of tasks and also the functionality of the whole
framework using standard ROOT macros. The main class of the framework is the run
manager class which includes methods to set the different [BER-08]:
• input/output files
• primary event generators
• monte carlo transport engines
• material and geometry definition
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• magnetic field map definition
• active and inactive detectors
• tasks configuration parameters
Libraries used  
10.02.2010 M. Al-Turany, HIC for FAIR Workshop 13 
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Digitizers Hit Producers 
Track 
finding Track fitting 
Figure 4.2: Schematic design of FairRoot for different experiments. Figure from [ALT-10].
The FairRoot base classes also provide a generic event display based on Eve and
Geane and a track propagation based on Geane.
The FairRoot uses the services of the ROOT VMC to define the actions at each
stage of simulation run like the geometry construction and the geometry initialization.
The storage of all information collected by the different sensitive detectors is done




4.3 The R3BRoot framework
R3BRoot is a ROOT based simulation and analysis framework for the R3B experi-
ment. In Figure 4.3 is represented schematically the structure of the framework. It uses
the FairRoot libraries to implement the specific parts needed for the R3B experiment
simulation.
R3BRoot: a ROOT based Simulation and Analysis framework for R3B
Denis Bertini for the R3B Collaboration1
1GSI, Darmstadt, Germany
Introduction
R3BRoot is a versatile and fully ROOT based framework
aiming for the simulation and analysis of the R3B experi-
ment [1]. In particular for the simulation part it uses Fair-
Root [2] base class library as a layer upon ROOT and the
Virtual Monte Carlo [3].
The R3B experiment
The aim of the R3B international collaboration is to de-
velop and construct a versatile reaction setup with high ef-
ficiency, acceptance, and resolution for kinematically com-
plete measurements of reactions with high-energy radioac-
tive beams. The setup will be located at the focal plane of
the high-energy branch of the Super-FRS [4].
Structure of the Framework
The structure of the framework is presented schemati-
cally in Fig. 1. The main class FairRunManger handles
the overall program flow and the communication between
different modules, namely Geometry Interface, RunTime
DataBase , Event Generators, IO Manager and the Virtual
Monte Carlo. The latter is an interface to differents Monte
Carlo engine (Geant3, Geant4 and Fluka) allowing the user
to choose at runtime which of these engine to use for the
simulation.
Figure 1: The R3BRoot Framework
R3B Simulation
R3BRoot uses the ROOT Geometry Modeller to
uniquely describe the R3B detector geometry for all Monte
Carlo engine. Currently all detectors of the R3B experi-
ment are described in R3BROOT. Common Event Genera-
tors like UrQMD, EvtGen and dedicated ones can be used
as an input to the Run Manager class.
Figure 2: Inner Tracker and Calorimeter in R3BRoot.
Figure 3: Inner Tracker and Calorimeter with tracks visu-
alisation.
Conclusion
The R3BRoot is a versatile and portable framework for
the R3B experiment. The description of detector compo-
nents and the tools for the reconstruction is in progress.
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Figure 4.3: Schematic design of the R3BROOT structure based on FairRoot and ROOT
libraries. Figure from [BER-09].
The main class R nManager handles the overall prog am flow and the communi-
cation between the different modules. The user can choose at runtime which engine,
event generator and detectors to use for the simulation. As it can be seen in Figure 4.3,
are described several detectors and several event generators. In Figure 4.4 the event
display for a simulation of the complete R3B experimental setup is shown.
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Figure 4.4: Event display of a simulation with all the R3B experimental setup.
4.4 Hadronic processes
In the simulations performed in this work, the simulation package GCALOR [GCA-web]
for hadron interactions was used.
The GCALOR package contains the CALOR [CAL-web] simulator code and a in-
terface to utilize the code in the framework of GEANT. CALOR is a Monte Carlo
code system that incorporate several programs to determine the energy and direction
of incident hadrons, leptons, and photons. In this way, using GCALOR, the hadronic
interaction calculations in the GEANT frame are made by the CALOR code system
while the tracking and storing of the particles is done by GEANT. The interface be-
tween CALOR and GEANT determines which code to call for the current particle.
The material description is automatically extracted from GEANT. GCALOR makes
use of the MICAP [JOH-88] code for the simulation of the interaction of neutrons with
with nuclide energies below 20 MeV, and uses the FLUKA [BAT-07] simulation code
for energies above 20 MeV, since that in GEANT frame FLUKA does not provide
information about low energy neutrons.
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4.4.1 The low energy neutron code MICAP
The MICAP code has been developed to determine the response of a gas-filled
cavity ionization chamber in a mixed neutron and photon radiation environment. The
calculation scheme used in MICAP follows individual radiation particles incident on
the detector wall material. The incident neutrons produce photons and heavy charged
particles and the photons produce electrons and positrons. If these charged particles
enter in the detector they will lose energy until they energy is completely deposited or
escapes the detector volume. MICAP not only yields the energy deposition by particle
type and total energy deposited, but also the particular type reaction.
This program utilizes all currently data in the Evaluated Nuclear Data File (ENDF/B),
i.e., partial cross-sections, angular distributions and secondary energy distributions. For
very low neutron is used a thermal scattering model based on the free gas model.
4.4.2 The single hadronic interaction code for high energy neutrons
FLUKA
The FLUKA hadron-nucleon interaction models are based on resonance production
and decay below a few GeV, and on the Dual Parton model [CAP-94] above. For
hadron-nucleus interactions two additional models are used. For momenta below 3
GeV/c, the PEANUT includes a very Generalized Intra-Nuclear Cascade (GINC) and a
pre-equilibrium stage. For high energies, a less sophisticated GINC model is completed
by the Gribov-Glauber multiple collision mechanism. Both modules are followed by
equilibrium processes: evaporation, fission, Fermi break-up, gamma deexcitation.
4.5 Simulations of the NeuLAND based on RPC
The starting point of all the work performed in simulations was the development
of a new class (R3BNeuLandv1 ) by the Dr. Denis Bertini. In this class the geometry
46
4.5 Simulations of the NeuLAND based on RPC
of one RPC module (similar as the one shown in Fig. 3.6) was implemented. The
RPC implemented in the R3BNeuLandv1 class had a 40 cm length, 22.1 cm width and
2.54 cm thick. It consisted in a sandwich of RPC and steel plates inside an aluminum
case. The steal in the RPC should work as converter material and at the same time as
electrode. The central 4 mm of steel were subdivided in 8 anode strips of 2.5 cm width
with the same length of the detector separated each oder by a 3 mm gap. In Figure




Aluminum case 1mm 
Inactive gas 3mm 
Steel 2 & 4 mm
Glass 0.95 mm
Active gas gap, 0.3mm
Figure 4.5: Initial geometry of the R3BNeuLandv1 class.
The gas was composed by 84% of Freon, 10% of SF6 and of 6% Isobutane, the glass
(soda-lime glass) was composed by 73% of SiO2, 14% of Na2O, 9% of CaO and 4%
of MgO and the steel was composed by 71% of Fe, 18% of Cr and 11% of Ni. The
composition of the inactive gas was the same as the active gas, it just was defined as
active volume the gas between the glass plates.
4.5.1 Geometry definition
The RPC module defined in the R3BNeuLandv1 was defined according to the initial
RPCs requirements and prototypes for the NeuLAND detector, however the size of the
module was not the required for a module of the full version of NeuLAND. The full
size detector, according to the initial design, would consist of 60 planes of 4 modules
with an active area of 50 × 200 cm2 (see section 3.3) which does not corresponds to
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the size of the module implemented. Based on the code already implemented, it was
created a RPC module, a single plane with an active area of 200 × 200 cm2 (made
with 4 modules), and a full size NeuLAND with 60 planes of depth each one rotated
90o compared to the previous one. With the modifications in the geometry, additional
options were implemented for which one of the tree different geometries choose (module,
plane or full size) could be chosen, as well as the selection of the converter materials
and thickness and the number of planes of the full size detector.
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Systematic studies of different
converter materials
Initially the efficiency of the detector using different materials as converter was eval-
uated. The motivation for this study were the simulations performed by the NeuLAND
collaboration of the LAND detector. The results obtained by this simulations were in
very good agreement with experimental data from the LAND detector for booth Monte
Carlo engines GEANT3 and GEANT4. It was concluded, through the simulation re-
sults, that the main principle of detection by the LAND detector is the elastic scattering
of neutrons with the hydrogen in the scintillator material, different from what was be-
lieved previously. It also was simulated LAND without iron plates which presented
similar results which meant that the iron converters were not necessary. Also, that was
concluded that several particles created from the interactions of the neutrons with iron
were trapped in the iron plates.
Given these results, it was defined the study of different converter materials with
the goal of optimizing the NeuLAND detector constructed with RPCs. Some hydrogen
rich materials like paraffin were selected to performed this study.
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5.1 Simulations parameters




• 1 neutron per event
• En = 800 MeV
• Detector placed at 1 m from source
• Open angle: 0 - 2 degrees
• Steel, paraffin and glass as converter materials
• No energy threshold for the efficiency
5.2 Converter material thickness and efficiency
One of the goal design parameters for NeuLAND is the detection efficiency for one
neutron ε > 90%. Considering the initial design of the RPC based full-size NeuLAND,
with 60 planes and steel as converter material, the dependence of the efficiency on
the thickness of the steel plates was studied. The thickness of the steel plates was
systematically changed. The converter material thickness in the center of the detector
was twice the thickness on both sides of the module, as shown in Figure 5.1.
The variation of the efficiency as a function of the thickness of the steel plates for
several configurations of the detector with different number of planes is shown in Figure
5.2.
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Figure 5.1: Schematic drawing of the RPC. THe thickness of converter material varied
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Figure 5.2: Variation of the one neutron detection efficiency as a function of the steel
plates thickness for several detector configurations.
As it can be seen in Figure 5.2, all the different configurations reach a maximum
of efficiency for a certain steel thickness. Considering a small converter thickness, the
efficiency increases with the number of planes. Depending on the detector configuration,
there is a certain thickness value for which the efficiency starts dropping, as the particles
created in the steel do not have enough energy to scape and reach the RPC gas. Another
aspect that we can observe, is that the efficiency does not only depend on the amount
of steel. There are several configurations contain the same amount of steel but present
51
5. SYSTEMATIC STUDIES OF DIFFERENT CONVERTER
MATERIALS
different efficiencies for instance for 10 planes and 10 mm steel thickness reaches an
efficiency below 85% while the configuration with 50 planes and 2 mm of steel thickness
remains above 95%.
A similar study was done using paraffin as converter material, replacing the 3 steel
plates by 3 paraffin planes. In Figure 5.3 the variation of the one neutron detection
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Figure 5.3: Variation of the one neutron detection efficiency as a function of the paraffin
plates thickness for several detector configurations.
The detector response using paraffin as converter material is different compared to
the steel’s one. The increase in efficiency with the paraffin thickness is slower than the
steel case, but never decreases for the same range of thicknesses. For small thicknesses,
except from the 10 planes configuration, the efficiency for the two different materials is
similar and higher than 20%. This fact leads to the idea that the rest of the components
of the detector also work as converters.
Apart from the converter plates, the material present in more quantity in the RPC is
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the glass that contains the gas gaps. Some of the secondary particles that reach the gas
gaps could be created in the glass plates. Therefore, we also studied the dependence of
the one neutron detection efficiency on the converter material thickness for the detector
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Figure 5.4: Variation of the one neutron detection efficiency as a function of the glass
plates thickness for several detector configurations.
As it can be noted, the detector constructed with only glass plates still satisfies the
design goals regarding the efficiency for one neutron detection.
5.3 Configurations using different converter materials
For comparison of the characteristics of the detector composed of one of the three
converters materials considered, 3 configurations with similar efficiencies, one for each
converter, were chosen. The selected detector configurations were:
• 50 planes, 2 mm of steel thickness
• 100 planes, 1 mm of paraffin thickness
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• 200 planes, 0.1 mm of glass thickness
The detection principle of using the steel as a converter is the nuclear interaction of
the neutron with iron, which produces a shower of charged particles that will lose energy
in the gas gaps, being the secondary protons the major responsible for that. In the
case of paraffin, a different detection principle will be expected due to its composition.
The paraffin contains 15% of hydrogen and 85% of carbon. Because of the presence of
hydrogen in the paraffin composition, it is expected that the neutron predominantly
interacts with the hydrogen by elastic scattering.
Table 5.1 compares the total number of created protons for the three configurations
and the kind of particle that induced its creation.
Table 5.1: Number of created protons and the kind of particle that induced its creation
for the three configurations.
Steel Paraffin Glass
(2 mm - 50 planes) (1 mm - 100 planes) (0.1 mm - 200 planes)
Primaries detected 96.3% 90.9% 99.8%










The detector constructed with paraffin produces more protons than the steel and
the glass ones. As mentioned earlier, this fact results from the interaction principle
with the converter. Glass and steel present similar results regarding the number of
created protons and their origin. Thus, the interaction principle for both materials
seems to be similar.
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Figures 5.5, 5.6, and 5.7 present the number of detected protons per event consid-
ering respectively steel, paraffin and glass as converters for the selected configurations.
Number of protons














Number of protons detected per event
Steel 2 mm - 50 planes
Figure 5.5: Number of detected protons per event for 2 mm steel - 50 planes.
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Number of protons detected per event
Paraffin 1 mm - 100 planes
Figure 5.6: Number of detected protons per event for 1 mm paraffin - 100 planes.
In Figure 5.8 is also presented a comparison of the initial energy of the detected
protons for the detector composed with different materials.
The number of detected protons does not significantly change with the converter
material, although the mean number of detected protons considering glass is higher
than in the other two cases. It can also be noticed that the energy of the detected
protons ranges up to the energy of the generated neutrons of 800 MeV for all configu-
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Number of protons












Number of protons detected per event
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Figure 5.7: Number of detected protons per event for 0.1 mm glass - 200 planes.
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Initial energy of the detected protons
steel 2 mm - 50 planes
glass 0.1 mm - 200 planes
paraffin 1 mm - 100 planes
Figure 5.8: Initial energy of the detected protons for the detector developed with the
considered geometries and converter materials.
rations. It can be noted however that in the low energy region the number of detected
protons differs for the different materials. As steel is a material with high density and
the configuration studied contains the larger thickness, the probability for low energy
protons to not leave the material and reach the gas gaps increases. We can also see
that the geometry with glass as converter material is the one who detects more low
energy protons.
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With these results, and considering just one of the design demands (the one neutron
detection efficiency), we conclude that the detector could be built with any of the
three studied materials. However, the development of a detector built with just glass
plates is simpler [FON-11], as on the one hand the detector needs to have glass in
its composition and on the other hand it is simpler to build from the standpoint of
mechanics and electronics. Therefore, from now on, our investigations will concentrate
on the characteristics of an iron-less RPC for the detection of high-energy neutrons.
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After concluding that a detector built just with glass plates may do the work, it
was considered a new concept design: the iron-less concept.
6.1 Geometry of the iron-less concept
Together with the LIP-Coimbra’s group specialized in RPCs [LIP-web] a different
concept for the detector with a new module geometry was considered. Since the glass
could work as converter, it was defined a RPC module constituted by 5 gaps (maximum
number of gaps for a RPC without compromising the high voltage [FON-11]), 6 plates
of glass and a gas tight case made of plastic and with feedthroughs for the gas and HV.
In Figure 6.1 the new concept for the iron-less RPC is shown.
The readout would be done with external electrodes with no additional feedthroughs
an everything inside to a metallic shielding. A schematic view of the RPC design is
shown in Figure 6.1).
Each RPC module would be a 2× 2 m2 device active area and the full size detector
will have a modular structure constituted by a set of RPC modules (planes). In Figure
6.2 is shown the modular structure of the detector.
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Metallic shielding
Figure 6.1: Schematic drawing of the iron-less RPC module with the readout electrodes.
This iron-less modular concept allows to adopt many possibilities. Converter ma-
terial like steel or paraffin could be added in between the RPC modules as shown in
Figure 6.3. This option seemed in the end not to be necessary.
Figure 6.2: Schematic drawing of the
modular structure of the full size detector.
Converter 
material
Figure 6.3: Schematic drawing of the
modular structure of the full size detector
with converter in between the RPC planes.
Thus, it was necessary to realize how many planes would be needed and what the
best thickness for the glass plates.
6.2 Simulated geometry
For the simulation of the concept a new class was been developed, the R3BNeuLandLIP
class which describes the geometry presented in Figure 6.4. A RPC plane with 5 gaps
with the gas standard mixture (84% of Freon, 10% of SF6 and of 6% Isobutane), 6
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soda-lime glass plates and a plastic case. The RPC plane was constructed with the





Figure 6.4: Schematic drawing of the iron-less RPC module.
In the simulation code there were implemented also options to control the thickness
of the glass plates and to select the number of planes for the full detector. For simplicity
the electrodes were not implemented at this stage, due to their small thickness, their
contribution in the tracking of the particles relatively to the other materials present in
the RPC is very small.
6.3 The one gap efficiency
Before studin the new RPC concept, it was necessary to verify the efficiency for
one gap. The one gap efficiency is 75% [FON-11] for MIPs. Even if a particle loses
energy in the gap, it does not means that it can be detected. In other words, the
deposited energy needs to to be larger than a certain threshold. In order to determine
the efficiency for one single gap in our simulations it was performed a simulation of a
geometry of one gap for muons with a momentum of 300 MeV/c directed into a single
gap geometry. The gap simulated geometry was the same dimensions as the ones from
the RPC planes, 2×2 m2 of active area and a thickness of 300 µm. The gap was placed
at 35 m from the source with vacuum as the medium in between. There were generated
10000 events with one muon per event and this time the monte carlo engine used was
the GEANT4.
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Figure 6.5: The one gap efficiency for different energy thresholds for the gap.
The efficiency without energy threshold was about 97%. By increasing the thresh-
old, the efficiency starts to drop. As shown, an efficiency of 75% is obtained wen
considering an energy threshold of 70 eV. Therefore, from now on it will be applied an
energy threshold of 70 eV in order to limit the one gap efficiency to 75%.
6.4 Efficiency for one neutron detection
A similar analysis to the one shown in Chapter 5 it was done for the iron-less RPC.
As already mentioned, it is necessary to know how many planes and which is the best
thickness for the glass plates that provides the best performance for the detector. The
glass plates are 2 m width and 2 m length which limits the thickness to 1 mm [FON-11].
Therefore, the selected thicknesses for the glass plates in this study were 1 mm, 2 mm,
3 mm, 4 mm and 5 mm.
For the simulations performed in the one neutron detection studies the following
parameters were used:
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• 10000 events
• GEANT4
• 1 neutron per event
• An energy of 429 MeV per neutron, p = 995 MeV/c
• Detector placed at 35 m from source (center of the detector)
• Vacuum as medium in the cave
• Open angle: 0 degrees
• 1, 2, 3, 4 and 5 mm of glass thickness
• An energy threshold of 70 eV
The medium in the cave was implemented as vacuum, although in the real setup
will be air. The reason why we implemented vacuum was based in the fact that for
large distances some neutrons never reach the detector since they will interact with air.
Thus, for a reliable comparison we implemented vacuum as the medium in the cave to
be sure that all the neutrons reach the detector.
For the glass plates thicknesses considered, several simulations were performed with
different number of planes with the described parameters. In Figure 6.6 the efficiency
for one neutron detection of the detector simulated with several configurations is shown.
Independent of the thickness of the glass plates, it is possible to reach efficiencies
larger than 90% by increasing the number of planes.
For the evaluation of the performance of the detector in the reconstruction of the
momentum of one neutron, 5 configurations considering different glass thicknesses and
number of consecutive planes were chosen. The detection efficiency as function of the
total glass thickness for the different detector configurations is shown at Figure 6.7. As
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Figure 6.6: The one neutron detection efficiency for different detector configurations with
different glass thicknesses.
it can be seen, the different curves follow on top of each other, reaching all of them a
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Figure 6.7: The one neutron detection efficiency for different total glass thicknesses.
The efficiencies values and the corresponding detector configurations chosen for the
studies to follow are listed in the Table 6.1.
As already mentioned, the detector measures neutrons with energies in the range of
64
6.4 Efficiency for one neutron detection
Table 6.1: Different detector configuration selected for characterization and the respective
one neutron detection efficiency.
Detector Configuration One neutron efficiency
(glass plates thickness / number of planes)
1 mm / 300 planes 99.6%
2 mm / 150 planes 99.31%
3 mm / 100 planes 98.96%
4 mm / 75 planes 98.87%
5 mm / 60 planes 98.76%
200 MeV to 1000 MeV. In Figure 6.8 the detector efficiency for the selected geometries
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Figure 6.8: One neutron detection efficiency for different detector configurations.
As it can be seen, all configurations present an efficiency above the 90% for the
energy range expected for the neutrons in R3B experiments.
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6.5 Multiplicity and energy of generated secondary par-
ticles
As first step in the comparison of the different configurations a comparison of the
different detected particles per event was performed. Exemplary Figure 6.9 shows the
detected particles per event for the 3 mm glass thickness configuration1. As it can be
seen, the electrons/positrons and protons are the main responsible for the deposition
of energy in the gas gaps. Also almost all events present protons and electrons that
will be detected.
Number of particles


















Figure 6.9: Comparison of the detected particles multiplicity for 3 mm glass thickness
with 100 planes.
Table 6.2 lists the number of detected protons, electrons plus positrons and other
particles for every simulated detector configuration considering 10000 primary neutrons.
As can be seen by the table the electrons/positrons are the particles that interact more
often with the gas. In addition, the total number of detected particles decreases with
increasing glass thickness, which does not imply that there are fewer particles created.
1 For the others configurations see Appendix A.1
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The thicker the glass, the shorter the penetration of the particles in the detector.
Thus, only the particles with enough energy will cross the glass and deposit energy
in the gas. To reinforce this assumption, 3 histograms were created to compare the
number of detected particles for each detector configuration. Figure 6.10 shows the
detected proton multiplicity, Figure 6.11 the detected e−/e+ multiplicity and Figure
6.12 the multiplicity of all detected particles per event.
Table 6.2: Total detected particles for all the geometries.
1 mm 2 mm 3 mm 4 mm 5 mm
300 planes 150 planes 100 planes 75 planes 60 planes
Protons 25482 21842 19565 18009 16664
Elect. + Posit. 58974 48963 41244 35054 30571
Others 2376 1809 1435 1275 1111
Total 86832 72614 62244 54338 48346
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Figure 6.10: Protons multiplicity for all
detector configurations.
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Number of detected electrons + positrons per event for different detector geometries
Figure 6.11: Electrons/positrons multi-
plicity for all detector configurations.
From this comparison we can observe that by increasing the glass thickness, the
mean number of particles multiplicity shifts to the left, which means that we have less
detected particles of all kind.
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Figure 6.12: Detected particles per event for all detector configurations.
The particles that mainly lose energy in the gas gaps are protons and electrons or
positrons. It is important therefore to characterize and compare the initial energy of
those particles since they are the ones that are going to give the information of the
neutron. The initial energy of the detected particles is shown on Figure 6.13 for the
3 mm glass thickness with 100 planes geometry1. All configurations of the detector
follow the same initial energy distributions of the detected particles. The electrons
energy range between zero and about 250 MeV while the detected protons have an
initial energy in the range between zero and the initial energy of the primary neutrons
generated.
A comparison of the initial energy of the detected particles was also performed
for all the detector configurations. This is shown for the case of protons and elec-
trons/positrons in Figures 6.14 and 6.15 respectively and for all particles Figure 6.16).
Similar to the study of the particle’s multiplicity, the thicker glass the lower the
number of particles that pass and deposit energy in the gaps. As it can seen in Figures
1 For the others configurations see Appendix A.2
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Figure 6.13: Initial energy of the detected particles for 3 mm 100 planes geometry.
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Initial energy of detected protons for different detector configurations
Figure 6.14: Initial energy of the detected
protons for all detector configurations.
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Initial energy of detected electrons and positrons for different detector configurations
Figure 6.15: Initial energy of the detected
electrons and positrons for all detector con-
figurations.
6.14, 6.15 and 6.16, for higher energies the initial energy of the detected particles is
similar contrary to what is observed in the lower energy region of the spectra. For
the geometries composed of thicker glass, there are less counts in the spectra in the
lower energy area. We can thus conclude, that the difference in the number of detected
particles shown in Table 6.2 is due to the thickness of the glass plates, as the range of
the slow energy particles is shorter than the thickness.
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Figure 6.16: Initial energy of the all detected particles for all detector configurations.
Another important magnitude investigate the energy lost by the particles in the
active medium of the detector, the gas gaps. For an avalanche to be generated, the
charged particles as to lose a few tens of eV [FON-11]. In Figure 6.17 the energy loss
distribution in the gaps for the detector configuration with 3 mm glass thickness and
100 planes1 is shown.
The mean value of the energy distribution is higher than the necessary energy to
generate an avalanche and well above of the energy threshold implemented to limit
the one gap efficiency, which means that the energy deposit by the charged particles is
enough to be detected.
The energy loss distribution of the gaps is similar for all geometries as expected
from the initial energy distribution of the detected particles. Since the energy of the
created secondary particles is similar for all detector geometries and the gap geometry
and gas composition is equal for all configurations, one would expect the energy loss
to be similar. However, the counts are not the same for all the geometries since the
1For the others configurations see Appendix A.3
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Distribution of the energy loss in the gaps for the 3 mm glass 100 planes
Figure 6.17: Energy loss distribution of the 3 mm 100 planes geometry discriminating
the protons and the electrons + positrons.
number of particles detected for all the geometries is different. The mean value of a
gaussian fit made to all the energy loss distributions is listed in Table 6.3 for comparison
of the different detector geometries.
Table 6.3: Peak value for all the energy loss distribution for all the detector geometries
considered.
1 mm 2 mm 3 mm 4 mm 5 mm
300 planes 150 planes 100 planes 75 planes 60 planes
Protons 0.16 keV 0.17 keV 0.17 keV 0.17 keV 0.16 keV
Elect. + Posit. 0.32 keV 0.34 keV 0.33 keV 0.33 keV 0.33 keV
All particles 0.24 keV 0.24 keV 0.23 keV 0.24 keV 0.24 keV
As it can be seen, similar results for the energy lost by the protons as well as by
the electrons are obtained.
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6.6 Spatial distribution of the detected events
The spatial distribution of the detected events is extremely important for the re-
construction of the momentum of the neutrons that reach the detector. As seen in
the previous section, the main particles for the neutron detection are the protons and
the electrons/positrons. Thus, our analysis will concentrate on the characteristics of
these two kind of secondary particles. For an accurate measurement of the neutron
momentum, the distance from the point where energy was deposited by a secondary
particle should be close to the initial trajectory of the neutron. A large distance will
induce a large error for the neutron trajectory and consecutively a wrong result for the
momentum of the neutron.
Figures 6.18 and 6.19 show the spacial distribution of all hits in the detector induced



































Figure 6.18: Spacial representation of all



































Figure 6.19: Spacial representation of all
electron and positron hits in the detector.
The particles show a different behavior in the detector regarding the location of
the energy depositions in the detector. Whereas protons interact several times leav-
ing a trace of interactions, electrons usually deposit energy a few times before being
completely stopped. The total number of crossed gaps per particle per plane is shown
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in Figure 6.20 for the case of 3 mm glass plates and 100 planes configuration1. Pro-
tons are the particles which penetrate the most crossing in average 10 gaps for this
geometry. This is expected since they are the particles with higher initial energy. The
electrons/positrons cross in average 2.3 gaps for this geometry. In Table 6.4 the average
number of crossed gaps for each particle for each configuration is listed.
Number of gaps crossed
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Number of gaps crossed by others
Figure 6.20: Number of gaps crossed by each particle for the geometry of 3 mm glass
plates and 100 planes depth.
As it can be observed, the number of crossed gaps also depends on the glass thick-
1For the others geometries see Appendix A.4
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Table 6.4: Average number of crossed gaps by each kind of particle for all detector
geometries.
1 mm 2 mm 3 mm 4 mm 5 mm
300 planes 150 planes 100 planes 75 planes 60 planes
Protons 23.0 13.4 10.1 8.7 7.4
Elect. + Posit. 3.0 2.1 1.8 1.6 1.5
All particles 9.0 5.6 4.5 4.5 3.6
ness. The thinner the glass plates the larger the number of crossed gaps for both protons
and electrons/positrons. The fact that protons pass through multiple gaps may help
for the tracking of the neutron at a later stage.
Although electrons are the particles which are more often created in the detector,
they are not the particles that deposit energy more frequently. In Table 6.5 is shown
the number of hits in the detector for each particle. As it can be observed protons
interact more often with the gas in the detector.
Table 6.5: Number of hits in the detector for each kind of particles for each configuration.
1 mm 2 mm 3 mm 4 mm 5 mm
300 planes 150 planes 100 planes 75 planes 60 planes
Protons 571327 285660 192620 152657 120694
Elect. + Posit. 162044 94368 67500 51490 42424
All particles 751220 389742 266508 209216 167158
Another aspect that the simulations allows us to investigate is the number of gaps
activated per plane and per particle type. This information may help in improving the
analysis of multi-hit events (section 6.7). As already shown, two kind of particles are
the main responsible for the detection of the neutron: protons and electron/positrons,
which has already shown behave completely different inside the detector.
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In Figure 6.21 the activated gaps per plane per event for the 3 mm glass thickness
and 100 planes geometry is shown1.
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Number of activated gaps per plane per event
Figure 6.21: Number of gas gaps activated per plane per event for the 3 mm glass 100
planes geometry.
As it can be seen, most of the times either one or five gaps are activated per plane.
This suggests there might be two different processes responsible for it. We have already
observed that protons cross in average more gaps than electrons/positrons which may
be correlated the effect shown in Figure 6.21. The number of activated gaps per plane
discriminated by electrons/positrons and protons is shown in Figures 6.22 and 6.23,
respectively.
As it can be seen, the previously made assumption is correct: electrons/positrons
deposit energy more often in just one gap per plane while protons deposit energy more
often in five gaps per plane.
We can also study the sensitive of the detector regarding the number of gaps acti-
vated per plane. For this, the efficiency considering different numbers of activated gaps
1For the others geometries see Appendix A.10
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Gaps











Number of activated gaps by electrons/positrons per plane per event
Figure 6.22: Number of gas gaps acti-
vated by electrons/positrons per plane per
event for the 3 mm 100 planes geometry.
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Number of activated gaps by protons per plane per event
Figure 6.23: Number of gas gaps acti-
vated by protons per plane per event for
the 3 mm 100 planes geometry.
per plane for the one neutron case was calculated. This information is important since
the hardware requirements for the detector are not the same if the majority of events
deposit energy in almost all the gaps per plane or otherwise deposit energy just in a
few or in a single gap [FON-11].
The results of this analysis are listed in Table 6.6.
Table 6.6: One neutron detection efficiency considering different numbers of activated
gaps per planes for all the detector geometries.
Detector geometries
Number of 1 mm 2 mm 3 mm 4 mm 5 mm
Gaps 300 planes 150 planes 100 planes 75 planes 60 planes
5 90.28% 76.19% 66.82% 63.37% 56.12%
4 or 5 94.69% 83.64% 74.3% 69.94% 63.98%
3 or 4 or 5 98.00% 92.1% 84.69% 79.44% 73.87%
1 89.16% 88.94% 87.93% 86.37% 84.93%
1 or 2 94.63% 94.16% 93.53% 92.75% 91.91%
1 or 2 or 3 97.10% 96.70% 96.13% 95.78% 95.27%
all 99.60% 99.31% 98.96% 98.87% 98.76%
As it can be seen, the detection of events that deposit energy in few gaps becomes
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relevant for the geometries with thicker glass plates, as it is less probable that almost
all gaps from a plane are fired. We can conclude that the detection in a few or in a
single gap is important for the total detection efficiency, mainly for the geometries with
thicker glass plates.
Another important aspect is the characterization of the particle that provides the
first signal in the detector. As the detector is a Time-of-Flight system we are interested
in the measurement of the time when the neutron reaches the detector. This time is
given by the first energy deposition in the detector. The probability that each kind
of particle provides the first energy deposition is listed in Table 6.7 for each detector
geometry.
Table 6.7: Probability that a particle gives the fastest energy deposition for all detector
configurations.
1 mm 2 mm 3 mm 4 mm 5 mm
300 planes 150 planes 100 planes 75 planes 60 planes
Protons 75.61% 74.34% 74.13% 74.66% 74.35%
Elect. + Posit. 20.23% 21.73% 22.30% 21.80% 21.86%
Other particles 4.16% 3.93% 3.57% 3.54% 3.79%
The first energy deposition is mainly done by the protons, independent of the con-
figuration and for about 75% of all events. Electrons and all other particles behave
similarly for the different detector geometries. Which particle interacts first is intrin-
sically related to the initial energy distribution of the created particle by the nuclear
interaction of the neutron on the detector which, as already showed, is quite similar for
all the configurations of the detector.
Another important aspect for the detection is the spatial dispersion of the hits
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compared to the initial trajectory of the neutron. The secondary particles are created
in all directions as can be seen in the tridimensional spacial distribution of all the
hits shown Figures 6.18 and 6.19, however it is important that the first interaction of
the charged particles in the detector is near to the path of the neutron. Figure 6.24
shows the spacial distribution in x, y and z for the first hit in each event, as well as a
two-dimensional (x vs y) distribution for the 3 mm glass thickness geometry1.
X (cm)













First hit distribution in X
Y (cm)













First hit distribution in Y
Z (cm)














First hit distribution in Z
X (cm)
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Figure 6.24: Spacial distribution of the first hit on the detector for the 3 mm 100 planes
configuration.
The center of the detector is at the position (x, y, z) = (0, 0, 0) and the source is
at position (x, y, z) = (0, 0,−3500). All units are in cm. The neutrons are generated
along the (0, 0, 1) direction. As it can be observed, most interactions are near the
initial neutron trajectory, with peaks located at (x, y) = (0, 0). Regarding the position
distribution along the direction of the neutrons (z-axis), usually the first event happens
1For the others geometries see Appendix A.5
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at the detected surface (at about z = −100 cm). We also see that for almost all events,
the first interaction happens in the first half of the detector.
6.7 Multi-hit recognition
As mentioned in the design goals of the NeuLAND detector, one of the requirements
for the detector is the multi-hit recognition up to 5 neutrons. The RPC does not
provide a sufficiently valid energy resolution [FON-11] which means that we can not
use the energy loss of the particles in the gas gaps to determine the number of neutrons
that reached the detector. Therefore we need to use a different quantity to achieve this
purpose. In this work, the initial steps in this analysis were performed by characterizing
the dependence of the different event multiplicities obtained from the simulation on the
simulated number of neutrons.
In the analysis of the multiplicity, several approaches were applied and various
simulations were performed. For all considered detector geometries, several neutrons
(up to 4) with the same energy and trajectory emitted at the same time were simulated.
6.7.1 Multiplicity analysis
The first approach considered was the analysis of the gas gaps multiplicity, i.e., this
multiplicity is given by the number of gas gaps in which energy has been deposited by
the secondary particles. The number of created particles will increase with the number
of neutrons which leads to a larger number of activated gaps per event. In Figure 6.25
a comparison of the gaps multiplicity for 1, 2, 3 and 4 neutrons is shown for the 3 mm
glass thickness with 100 planes configuration.1.
In all cases the multiplicity distribution presents long tails that make the multi-hit
recognition very inefficient.
1For the others geometries see Appendix A.6
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Gaps

















Gaps Multiplicity for 3 mm glass 100 planes
Figure 6.25: Gaps multiplicity for the 3 mm 100 planes geometry for different number
of incoming neutrons.
Perhaps this result could be improved by considering the multiplicity of the planes
where almost all gaps were activated (mainly originated by protons. See section 6.6) or
when just a few gaps were activated per plane (mainly caused by electrons/positrons.
See section 6.6). The plane multiplicity of a different number of incoming neutrons
considering 1 or 2 activated gaps per plane and considering 3, 4 or 5 gaps activated per
plane is shown respectively in Figures 6.26 and 6.27.
The multiplicity considering just a certain number of gaps makes even worst the
multi-hit recognition as can be seen in the Figures 6.26 and 6.27. Therefore, a new
approach is needed for the multi-hit recognition analysis.
This new approach was to count the number of activated planes per event, i.e, for all
detector configurations we determined how many detector planes have experienced at
least one energy deposition in at least one of the five gas gaps. The result of this analysis
is shown in Figure 6.28 using the same simulated data at the previous analysis.1.
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Multiplicity for 3 mm glass 100 planes
Figure 6.26: Plane multiplicity of differ-
ent incoming neutrons considering just the
planes were 1 or 2 gaps were activated.
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Multiplicity for 3 mm glass 100 planes
Figure 6.27: Plane multiplicity of differ-
ent incoming neutrons considering just the
planes were 3, 4 or 5 gaps were activated.
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Plane Multiplicity for 3 mm glass 100 planes
Figure 6.28: Plane multiplicity for the 3 mm 100 planes geometry for different number
of incoming neutrons.
In this case, the multiplicity distributions became thiner with shorter tails. However
they are not yet completely separated which may reduce the efficiency in the correct
determination of the number of detected neutrons.
Finally, an additional approach was considered in the analysis of the multiplicity,
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taking into account the number of pair of planes activated per event, i.e., every time
there was a deposition of energy in a pair of planes, the multiplicity was increased.
In Figure 6.29 is shown a comparison for the three multiplicities for the 3 mm glass
thickness geometry for the 1 neutron case. As it can be seen, the tails of the peaks were
reduced with the applied analysis for the plane multiplicity and even more reduced for
the 2 planes multiplicity.
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Figure 6.29: Comparison of the multiplicity analysis for the 3 mm 100 planes geometry
for one incoming neutron case.
One example of the 2-planes multiplicity comparison for different number of incom-
ing neutrons is presented in Figure 6.30 again for the 3 mm configuration1.
As it can be seen, the resolution in determining the number of neutrons improve
considerably with the two planes multiplicity and the tails are reduced, however they
still are overlapped and not completely separable which means that the efficiency for
the detection of multi neutrons will not be maximized using solely this method for the
identification of the neutrons. In the areas overlapped, there will be a percentage of
events for which we will not correctly identify wrongly the number of neutrons.






















2 Planes Multiplicity for 3 mm glass 100 planes
Figure 6.30: Two plane multiplicity for the 3 mm 100 planes geometry for different
number of incoming neutrons.
6.7.2 Identification matrices
Using the information of the different multiplicities for the identification of the
number of incoming neutrons, a gaussian fit to all histograms of the plane multiplicity
and of the two planes multiplicity analysis was done. Table 6.8 lists the mean values
and the FWHM of the gaussian fits made to the peaks of the plane multiplicity for
all the detector configurations. As it can be seen, the mean values of the distribution
increase with the number of neutrons per event, however the width of the peaks also
increases. The mean values decrease with the increase of the glass thickness of the
detector configuration as expected from previous analysis.
Table 6.9 is equivalent to the previous table but lists the values for the two planes
multiplicity.
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Table 6.8: Mean values and FWHM of the gaussian fits made to the histograms of the
plane multiplicity for all the detector geometries.
Plane Multiplicity
1 neutron 2 neutrons 3 neutrons 4 neutrons
Mean FWHM Mean FWHM Mean FWHM Mean FWHM
1 mm 300 p. 14.4 13.7 29.3 26.0 45.8 28.0 60.3 39.6
2 mm 150 p. 9.9 9.2 20.6 14.9 29.3 18.8 37.6 19.6
3 mm 100 p. 8.0 7.6 15.6 10.8 22.0 12.6 27.7 14
4 mm 75 p. 6.6 6.0 12.5 8.6 17.3 9.7 22 10.5
5 mm 60 p. 5.8 5.4 10.9 7.5 15.2 8.5 18.8 9.3
Table 6.9: Mean values and FWHM of the gaussian fits made to the histograms of the
two planes multiplicity for all the detector geometries.
Two Plane Multiplicity
1 neutron 2 neutrons 3 neutrons 4 neutrons
Mean FWHM Mean FWHM Mean FWHM Mean FWHM
1 mm 300 p. 11.1 9.3 22.3 14.5 31.4 16.9 39.4 19.9
2 mm 150 p. 8.0 6.8 14.7 9.2 20.3 10.6 25.0 11.6
3 mm 100 p. 6.4 5.5 11.4 7.0 15.5 7.9 18.9 8.6
4 mm 75 p. 5.4 4.7 9.5 5.9 12.7 6.6 15.4 7.1
5 mm 60 p. 4.7 4 8.1 5.1 10.8 5.7 13.0 6.1
From the comparison of the tables, it can be seen that the mean values decrease for
the two planes multiplicity analysis as also the FWHM does.
With the values from the Tables 6.8 and 6.9 several linear regressions were performed
for the number of neutrons as a function of the mean value of the gaussian fits. The
FWHM was considered as the error of the points.
Figures 6.31 and 6.32 show the linear relation between the number of neutrons and
the mean value of the multiplicity for booth cases, plane multiplicity and two planes
multiplicity for the 3 mm thickness geometry1.
Five linear equations for each multiplicity analysis were obtained, two for each






















p0        -0.2871
p1        0.1521
Nr of neutrons vs Plane Multiplicity for 3 mm glass 100 planes
Figure 6.31: Linear regression to the
number of neutrons in function of the mean
value of the plane multiplicity.
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p0        -0.6204
p1        0.239
Nr of neutrons vs 2 Plane Multiplicity for 3 mm glass 100 planes
Figure 6.32: Linear regression to the
number of neutrons in function of the mean
value of the two planes multiplicity.
detector geometry. These equations are listed in Table 6.10.
Considering these equations, the simulated data were analyzed for all the different
incoming neutrons cases and for all geometries. For each event, the multiplicity was
extracted and the respective number of incoming neutrons was calculated rounding the
result to the closest integer value.
Table 6.10: Equations for the number of neutrons (Nn) as a function of the mean value of
the peaks multiplicity (mn) for the two multiplicity methods for all the different detector
geometries.
Plane Multiplicity Two Plane Multiplicity
1 mm 300 p. Nn = 0.06489mn + 0.06916 Nn = 0.1057mn − 0.2503
2 mm 150 p. Nn = 0.1086mn − 0.1439 Nn = 0.1755mn − 0.4814
3 mm 100 p. Nn = 0.1521mn − 0.2871 Nn = 0.239mn − 0.6204
4 mm 75 p. Nn = 0.1961mn − 0.3621 Nn = 0.2998mn − 0.7201
5 mm 60 p. Nn = 0.2299mn − 0.4095 Nn = 0.3567mn − 0.7699
85
6. THE IRON-LESS CONCEPT
Thus, without knowing how many neutrons reached the detector, several tables
considering the identification of the detected neutrons were made to determine the
detection efficiency for different number of neutrons per event.
These identification matrices are presented in Tables 6.11-6.15.
Table 6.11: Identification matrices for the plane and two plane multiplicities for 1 mm
glass thickness and 300 planes geometry.
Primary
Plane Multiplicity Two Plane Multiplicity
Detected 1 n 2 n 3 n 4 n 1 n 2 n 3 n 4 n
1 n 74% 20% 1% 82% 20% 1%
2 n 16% 44% 24% 4% 14% 54% 28% 4%
3 n 6% 22% 37% 25% 2% 19% 43% 29%
4 n 2% 9% 23% 35% 4% 21% 43%
5 n 2% 9% 20% 4% 17%
6 n 2% 9% 3%
7 n 3%
Table 6.12: Identification matrices for the plane and two plane multiplicities for 2 mm
glass thickness and 150 planes geometry.
Primary
Plane Multiplicity Two Plane Multiplicity
Detected 1 n 2 n 3 n 4 n 1 n 2 n 3 n 4 n
1 n 79% 19% 1% 87% 25% 2%
2 n 16% 53% 28% 6% 11% 47% 21% 4%
3 n 4% 20% 40% 30% 24% 49% 30%
4 n 6% 22% 39% 2% 22% 43%
5 n 5% 17% 3% 17%




Table 6.13: Identification matrices for the plane and two plane multiplicities for 3 mm
glass thickness and 100 planes geometry.
Primary
Plane Multiplicity Two Plane Multiplicity
Detected 1 n 2 n 3 n 4 n 1 n 2 n 3 n 4 n
1 n 82% 23% 2% 85% 21% 3%
2 n 15% 51% 28% 6% 14% 58% 32% 8%
3 n 2% 20% 45% 35% 16% 42% 32%
4 n 3% 17% 33% 4% 19% 38%
5 n 5% 18% 3% 16%
6 n 4% 3%
7 n 3%
Table 6.14: Identification matrices for the plane and two plane multiplicities for 4 mm
glass thickness and 75 planes geometry.
Primary
Plane Multiplicity Two Plane Multiplicity
Detected 1 n 2 n 3 n 4 n 1 n 2 n 3 n 4 n
1 n 82% 24% 2% 89% 29% 4%
2 n 14% 47% 24% 4% 9% 43% 24% 6%
3 n 3% 21% 42% 28% 24% 50% 39%
4 n 5% 22% 38% 2% 16% 33%
5 n 6% 23% 3% 15%
6 n 4% 3%
7 n
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Table 6.15: Identification matrices for the plane and two plane multiplicities for 5 mm
glass thickness and 60 planes geometry.
Primary
Plane Multiplicity Two Plane Multiplicity
Detected 1 n 2 n 3 n 4 n 1 n 2 n 3 n 4 n
1 n 86% 29% 3% 90% 31% 5%
2 n 11% 44% 25% 6% 8% 49% 32% 11%
3 n 1% 22% 48% 37% 14% 30% 23%
4 n 2% 16% 34% 4% 25% 42%
5 n 4% 16% 4% 18%
6 n 4% 3%
7 n 3%
As it can be seen, the results improved by using the 2-planes multiplicity compared
to the one plane multiplicity. However, the identification of multi-hit becomes better
for ticker glass plates. Overall, the detector geometry with 100 planes and 3 mm glass
plates thickness is the one that presents better and more homogeneous results for the
multi-hit recognition.
6.8 Reconstruction of the neutron momentum
The momentum of relativistic neutrons is defined as:
p = γmv (6.1)
where m is the neutron mass, v the velocity of the neutron with respect to a given





where β = v/c being c the speed of light in a vacuum.
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The momentum will be indirectly determined. The detector provides information
in the Time-of-Flight of the projectile as well as the distance from the target were the
projectile is produced to indirectly determine its velocity and respective momentum.
6.8.1 Two possible analysis choices
In order to reconstruct the momentum, two possible choices of analysis were con-
sidered: one using the first interaction with the smallest time; and another using the
interaction which gives us the biggest neutron velocity, and consequently the biggest β.
Figure 6.33 represents two energy depositions, A and B from the same neutron event,
at a distance from the target dA and dB, by two secondary charged particles.
Target
B
d   A
d   B
A
Figure 6.33: Schematic drawing of the two analysis methods for the momentum recon-
struction.
Assuming that the time of the energy deposition tA is smaller than tB and tA ≈ tB,
and the distance dB is larger than the distance dA, the momentum of the respective
neutron is going to be better described by the deposition B which will give a velocity
dB/tB closer to the neutron velocity. This situation happens, as the energy of the
secondary particles ranges from 0 MeV to the energy of the initial energy of the neutron
(see section 6.5). For instance, two particles A and B can be created with completely
different energies being the energy of the particle A much smaller than that of particle
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B. The particle A, even with a smaller energy than particle B, can provide a faster time
signal. However, if their times are similar, the particle B travelled a larger distance
in the detector before being detected, providing a better reconstruction of the neutron
velocity and consecutively a bigger β than the particle A.
However, with larger depth penetration by the particles, one should expect a larger
dispersion in x and y on the detector for the particles that provide a bigger β which
will be important later in this discussion.
6.8.2 Spacial distribution of the events which provides the biggest β
Using the hit on the detector that provides the bigger β, it is important to charac-
terize the spacial distribution in the detector, since this quantity may have influence in
the reconstruction of the excitation energy in break-up reactions for seen at R3B.
In Figure 6.34 a comparison of the spacial distribution between the hits that provides
the biggest β and the hits that provides the smallest time for the 3 mm glass thickness
geometry is shown.
As it can be seen in the comparison of the spacial distribution, the hits that provide
the biggest β are more dispersed in the detector and occur at a bigger depth, as shown
in the lower left of the Figure 6.34. However, the coordinate with the largest influence







(xd − xt)2 + (yd − yt)2 + (zd − zt)2
td
(6.3)
where xd, yd and zd are the coordinates of the detected particle and the xt, yt and zt
are the origin of the incoming neutron detected at time td. Since the detector is placed
at 35 m from the neutron source in z, the z coordinate will have the largest influence
in the momentum reconstruction.
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Beta hits distribution in XY
Figure 6.34: Comparison of the spacial distributions in x (top left), y (top right) and z
(bottom left) of the hits in the detector for the hits that provide the biggest β and the hits
that provide the smallest time. At the bottom right a two-dimensional histogram for the
xy spacial distribution of the hits that provide the biggest β is presented. All the spectra
corresponds to the 3 mm glass geometry.
To better characterize the events that provide the biggest neutron velocity is im-
portant to realize which particles are responsible for the hits that provide the biggest
β .The probability of each kind of particle to provide the biggest β per event is listed
in Table 6.16.
Comparing these results with those presented in Table 6.7, there is not a significant
difference between in the probability that a particular kind of particles provides the
first hit or the biggest β.
91
6. THE IRON-LESS CONCEPT
Table 6.16: Probability for each kind of particle to provide the biggest β per event for
the all detector configurations.
1 mm 2 mm 3 mm 4 mm 5 mm
300 planes 150 planes 100 planes 75 planes 60 planes
Protons 70.34% 72.30% 72.81% 73.66% 74.50%
Elect. + Posit. 24.89% 22.85% 22.38% 21.33% 20.54%
Other particles 4,37% 4.2% 3.57% 3.94% 3.79%
6.8.3 Two possible analysis choices: a comparison
With the two discussed analysis choices, a comparison for all geometries was per-
formed for the ∆p = pinit − preconst. The initial neutron momentum of the simulated
neutrons was 995 MeV/c. In Figure 6.35 a comparison of the momentum reconstruction
by the first hit per neutron in the detector for all the detector geometries is shown.
p (MeV/c)















1 mm 300 planes
2 mm 150 planes 
3 mm 100 planes
4 mm 75 planes
5 mm 60 planes
p for the first detected particle∆
Figure 6.35: Comparison of the difference between the initial and the reconstructed
momentum derived using the first hit per neutron in the detector for all detector geometries.
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As it can be seen, the geometry of the detector does not have a large influence in
the momentum reconstruction for this analysis choice, although it can be noted that
the maximum at ∆p = 0 MeV/c is larger for the geometries with thinner glass plates.
An equivalent result considering the other choice of analysis for the momentum
reconstruction,i.e., choosing the hit that provides the biggest β, is presented in Figure
6.36.
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1 mm 300 planes
2 mm 150 planes 
3 mm 100 planes
4 mm 75 planes
5 mm 60 planes
βp for the detected particle that provides the biggest ∆
Figure 6.36: Comparison of the difference between the initial and the reconstructed
momentum derived using the biggest β hit for all the detector geometries.
Using this choice of analysis to reconstruct the neutron momentum, it can be noted
a larger sensitivity on the detector configuration in efficiently reconstructing the mo-
mentum. As for ∆p = 0 the geometries with thinner glass provide a higher number of
neutrons with correctly reconstructed momentum.
For a better comparison of the two analysis choices Figure 6.37 shows ∆p for the 3
mm glass thickness geometry1.
As it can observed in the comparison, the momentum is more effectively recon-
structed using the biggest β. It certainly can be concluded that the first hit is not
1For the others geometries see Appendix A.11
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Figure 6.37: Comparison of the analysis methods of the momentum reconstruction for
the 3 mm glass 100 planes geometry.
always the hit that provides the best information to reconstruct the momentum. There
are in most cases hits that provide value for the velocity calculation closer to the neutron




As mentioned in the design goals of NeuLAND (see section 1.5.1), one of the re-
quirements of the detector is to provide an energy resolution of about 20 keV at an
excitation energy of 100 keV, being the detector placed at 35 m and a neutron energy
of about 500 AMeV. In order to evaluate the performance of the detector regarding
the excitation energy resolution, simulations of a real case experiment of a Coulomb
dissociation reaction has been performed.
7.1 Coulomb dissociation method
The Coulomb Dissociation (CD) method is based on the fact that a projectile
passing by a target nucleus sees the Coulomb field of the nucleus. Coulomb excitation
reactions serve as one of the most powerful spectroscopic tools for investigating excited
states of exotic nuclei. In a CD reaction, the projectile is excited by the Coulomb field of
a high-Z target. A representative picture of the Coulomb excitation is shown in Figure
7.1. As illustrated in the Figure, a Lorentz-contracted electric field acts on a projectile
nucleus when the projectile passes fast by a high-Z target at an impact parameter b.
In this electric field, the incident nucleus absorbs a virtual photon. Hence, Coulomb
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Figure 7.1: Schematic drawing for Coulomb exci-
tation process. The electric field ~E, is provided in
the projectile rest frame and is Lorentz-contracted
in the beam direction. The final state is described
as a dissociated state (Coulomb Dissociation).
Virtual Photon
Figure 7.2: The electric field
from the target is interpreted as
a virtual photon flux.
In a CD experiment one aims at reconstructing the properties of the excited in-
coming beam by detecting the emitted fragments and reconstructing their relative en-
ergy. Considering the 132Sn(γ, n) 131Sn CD reaction, the objective is to detect both
of the outgoing fragments and measure their respective momenta allowing the indirect
measurement of the relative energy between their centre-of-mass using invariant mass
relations. This is schematic presented in Figure 7.3.
Using relativistic relations between the momentum and the energy of a particle, the










being the m131Sn and mn the masses of the outgoing fragments.




2 − (~P131Sn + ~Pn)2 (7.2)
being the E131Sn and En the total energy of the system
131Sn+ n.
The relative kinetic energy will be given by the mass difference of the whole system:
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Figure 7.3: Representation of the momenta of the outgoing fragments in a
132Sn(γ, n) 131Sn CD reaction. The ~P132Sn∗ is the vectorial sum of ~P131Sn + ~Pn. The
scattering angle ΘB is the angle between the ~P132Sn and ~P132Sn∗ . The ΘnC is the angle
between the ~P131Sn and ~Pn.
Erel = minv −m131Sn −mn (7.3)
The relative kinetic energy is the excitation energy of the incoming nucleus. If
the nucleus is in the ground state, the invariant mass is zero. If on the contrary the
incoming nucleus is in an excited state, the invariant mass is bigger than zero and the
difference of masses will give us a measure of the excitation energy.
7.2 The 132Sn(γ, n) 131Sn simulated reaction
In order to evaluate the performance of the detector regarding the resolution of the
excitation energy, simulations of a Coulomb Dissociation reaction of the 132Sn nucleus
were performed. For the simulation of this reaction only the 3 mm glass thickness
with 100 planes geometry has been considered since it was the geometry with better
multi-hit capability (although this property is not used at this stage). The simulations
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performed were based on several event files produced within the NeuLAND collabora-
tion. These event files consisted in the momentum components of the final state of the
132Sn(γ, n) 131Sn reaction. For each event, two particles resulted from the reaction:
a 131Sn nucleus and a neutron. In the simulations other already developed geometries
were used: the ALADIN magnet, to deflect the heavy-fragments and the TOF-Wall for







Figure 7.4: Schematic drawing of the simulation setup for the 132Sn(γ, n) 131Sn reaction.
The simulations were performed using 10000 events with the GEANT4 engine at
200, 600, and 1000 MeV at two different distances, 12.5 m and 30 m and with air as
the medium in the cave. In neither case was considered the multi-hit capability, were
always considered the arrival of just one neutron. The simulations were performed for
an excitation energy of the fragment of 100 keV.
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7.3 Excitation energy results
The excitation energy was calculated using the initial moment of the heavy-fragment
and the neutron momentum reconstructed by our detector. In Figures (7.5, 7.6 and
7.7) the results of the reconstructed excitation energy, considering the two choices of
the momentum reconstruction analysis for all the considered energies and distances
from target, are presented.
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first particle detected
Figure 7.5: Excitation energy of 132Sn at 200 AMeV using the two different methods for
the momentum reconstruction of the neutron with the detector placed at 12.5 m (left) and
35 m (right) from the target. The simulated excitation energy of the nucleus corresponds
to 100 keV.
As a result, we can see that the excitation energy is better reconstructed by using
the information from the hit that provides the biggest β. We can also see that the
efficiency decreases for higher beam energies and with the proximity to the target. In
addition, we can see that for the same energy, the number of entries is not the lower for
the larger distance. This fact is explained by the air in the cave, since the larger the
distance to the detector, the bigger the probability for the neutrons to interact with
the air and thus not reaching the detector.
For a better comparison and to realize the performance in terms of energy resolution,
gaussian fits to the excitation energy distributions were performed. The results are





Mean    175.1
RMS       169
Energy [keV]



















Mean    129.3
RMS     97.68
Energy [keV]

















 for 600 AMeV at 35 mrelE
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Figure 7.6: Excitation energy of 132Sn at 600 AMeV using the two different methods for
the momentum reconstruction of the neutron with the detector placed at 12.5 m (left) and
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 for 1000 AMeV at 35 mrelE
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first particle detected
Figure 7.7: Excitation energy of 132Sn at 1000 AMeV using the two different methods for
the momentum reconstruction of the neutron with the detector placed at 12.5 m (left) and
35 m (right) from the target. The simulated excitation energy of the nucleus corresponds
to 100 keV.
The widths of the distributions are larger for higher energies. However, there is not
a significant difference considering the sigma values for the two distances at the same
beam energy. This fact is explained by the ideal detection conditions considered at this




Table 7.1: Sigma and mean values of the gaussian fits made to the excitation energy
histograms.
12.5 m 35 m
Energy sigma (keV) mean value (keV) sigma (keV) mean value (keV)
200 MeV 9 100 9 100
600 MeV 11 100 11 100
1000 MeV 16 100 13 100
7.4 Real conditions
In order to reproduce the spacial and time resolutions of the detector, random
distributions were applied to the position coordinates (x, y and z) and to the time
provided by the hits in the detector. As for the x and z coordinates, a square random
distribution of 3 cm (size of the readout strip) and 1.075 cm for the z (half size of the
plane thickness) was applied to x and z coordinates respectively. For the y and for the
time, gaussian distributions of σy = 1 cm and σt = 80 ps were applied, respectively
[FON-11].
Figure 7.8 shows a comparison between the momentum reconstructed with the hit
that provides the biggest β in the ideal case to the momentum reconstructed with real
conditions applied for two different distances from the target for a beam energy of 600
AMeV.
The diagrams show the effect of the real conditions applied to the momentum
reconstruction. As it can be seen, the reconstructed momentum becomes wider and
smaller due to the uncertainties applied to the coordinates and time. However, the
mean value of the distribution remains well defined. Figures 7.9, 7.10 and 7.11 show
the excitation energy spectrum of 200, 600 and 1000 AMeV at 12.5 and 35 m from
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p for 600 MeV 35 m∆
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real conditions
Figure 7.8: Reconstructed momentum considering the hit that provides the biggest β
for the ideal case and under real conditions. The energy of the beam was 600 AMeV. On
the left panel the detector is placed at 12.5 m from the target and in the right panel the
detector is placed at 35 m from the target.
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Erel spectrum for 
132Sn(γ,n)131Sn @ 200 M V
12.5 m 35 m
E: 100 keV 
σ: 14 keV
Cts: 92%
E: 100 keV 
σ: 7 keV
Cts: 92%
* Number of entries in the spectrum range normalized to the total number of simulated events
Jorge Machado & Daniel Galaviz, CFNUL                                                                           19/09/11 
Excitation energy for 200 MeV with real conditions
Figure 7.9: Excitation energy spectra of Erel = 100 keV and 200 AMeV beam energy,
reconstructed using the hit that provides the bigg st β, with the detector placed at 12.5
m (left) and 35 m (right) from the target.
The Figures also contain the mean value of Erel and the standard deviation σ of
gaussian fits made to the spectra. The total number of events in the spectra normalized
to the total number of simulated events (Cts) is also given.
As it can be seen, the definition of the centroid of the excitation energy distribution
worsens with increasing beam energy and with the proximity to the target, as compared



































12.5 m 35 m
E: 102 keV 
σ: 29 keV
Cts: 90%
E: 101 keV 
σ: 11 keV
Cts: 92%
Erel spectrum for 
132Sn(γ,n)131Sn @ 600 MeV
Jorge Machado & Daniel Galaviz, CFNUL                                                                           19/09/11 
Excitation energy for 600 MeV with real conditions
Figure 7.10: Spectrum of the excitation energy of 100 keV for 600 MeV neutrons recon-
structed by the hit that provides the biggest β with the detector placed at 12.5 m (left)
and 35 m (right) from the target.
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12.5 m 35 m
E: 105 keV 
σ: 45 keV
Cts: 94%
E: 100 keV 
σ: 19 keV
Cts: 93%
Erel spectrum for 
132Sn(γ,n)131Sn @ 1000 eV
Jorge Machado & Daniel Galaviz, CFNUL                                                                           19/09/11 
Excitation energy for 1000 MeV with real conditions
Figure 7.11: Spectrum of the excitation energy of 100 keV for 1000 MeV neutrons recon-
structed by the hit that provides the biggest β with the detector placed at 12.5 m (left)
and 35 m (right) from the target.
intrinsic characteristics of the RPCs are more relevant for small distances to the target.
The worst obtain result corresponds to the highest simulated energy and to the shortest
distance with a resolution of σ = 45 keV.
Overall the detector based on RPC provides a very good energy resolution and







This work has been performed aiming at the development of a prototype by the
LIP-Coimbra group, that will be tested in an deuteron-breakup reaction experiment at
GSI using “monoenergetic” neutrons with an energy range of 200-800 MeV.
The experiment S406 aims at detecting neutrons resulting from a quasi-free scater-
ing reaction of a deuteron beam delivered by the SiS18 on protons using a CH2 target
[BOR-10]. The experiment will allow to test the time response of the detector as well
the efficiency as a function of the beam energy. Four different energies (200, 300, 500
and 800 MeV) will be studied. The experience is scheduled for the first half of 2012.
8.1 Detection efficiency
The prototype will have a total active area of 200 × 50 cm2. As already shown,
the detector efficiency will depend on the total number of consecutive RPC planes
it will be made of. In order to determine the number of planes needed to achieve
a reasonable detection efficiency, several simulations were preformed considering the
geometry presented in Figure 8.1 and considering different number of planes.







Gas gap 0.3 mm
Figure 8.1: Schematic drawing of the geometry of one module of the prototype.
400 MeV (p = 955 MeV/c) generated at 35 m from the prototype.
In Figure 8.2 the one neutron detection efficiency for the prototype as a function of
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Figure 8.2: Efficiency of one neutron detection of the prototype in function of the number
of planes for 400 MeV neutrons.
As it can be seen, an efficiency of about 22% is reached using 8 planes. This will
allow a reasonable efficiency for the test.
Considering the geometry of the prototype with 8 planes, different energies of the
incoming neutrons were simulated. The energies considered were the ones proposed by
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[BOR-10],i.e., 200, 300, 500 and 800 MeV. Figure 8.3 shows the one neutron efficiency
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Figure 8.3: Efficiency of one neutron detection of the prototype as a function of the
neutron kinetic energy.
As it can be seen, the efficiency increases with increasing kinetic energy. It can also
be noticed that for the lowest energy the efficiency of the detector is still above 22%.
8.2 Momentum reconstruction
Once the geometry of the prototype has been defined it is important to realize how
the momentum of the neutron is expected to be reconstructed during the test.
Considering the two choices for the momentum reconstruction previously studied
(see section 6.8.1), the momentum of the neutron was reconstructed under ideal con-
ditions. The result is shown in Figure 8.4.
As it can be seen, the analysis considering the biggest β still provides a better
reconstruction of the neutron momentum.






















Figure 8.4: Difference between the initial and the reconstructed momentum for the two
choices of momentum reconstruction for the prototype in the case of 400 MeV neutrons
generated at a distance of 35 m. The analysis was performed without time and space
resolutions implemented.
σt = 80 ps, a x coordinate resolution of 3 cm, σy = 1 cm for the y resolution and half
size of a plane thickness of 1.075 cm for the z coordinate, the momentum of the neutron
was reconstructed and is presented in Figure 8.5.
As it can be seen, the momentum is correctly reconstructed with a width of σp =
1.13 MeV/c. Based on the simulation results, it will be possible to detected about
20% of the neutrons that will reach the prototype, and it will be possible to correctly
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Figure 8.5: Reconstructed momentum of the neutron by the prototype for 400 MeV





Final considerations and future
work
The present work concentrated of the evaluation of the simulated performance of
a Time-of-Flight neutron detector based on Resistive Plate Chambers. The results
obtained for an iron-less concept for a RPC showed a high efficiency and very good
momentum resolution in the detection of one neutron events for a wide energy range
(between 200 MeV and 1 GeV).
It was shown that the main particles responsible of depositing energy in the detector
are protons and electrons/positrons. The behavior of the particles in the detector is
different as well as their initial energy. Protons activate more gaps, and thus more
planes, than the electrons, which deposit energy in just a few gaps. The multiplicity
of detected electrons/positrons is larger than that of protons; however, protons are the
responsible for the majority of the detector hits. It was also shown the importance of
single gap multiplicity for the total efficiency.
One important aspect of this work that needs to be improved is the multi-hit recog-
nition analysis. As it was shown in our multi-hit recognition analysis, the detection
efficiency of multi neutrons reaching the detector suffers a considerable decrease with
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the increase the neutron number. It is mandatory to develop an intelligent and ef-
fective clusterization analysis to evaluate the response of the iron-less RPC in the
reconstruction multi neutron hits. At this stage the configuration with 3 mm of glass
plates configuration turned to be the best geometry for possible future multi neutron
hit reconstruction. Another advantage of using the 3 mm glass thickness is the easily
handling of the plates, which makes the construction process easy and cost effective.
As for the reconstruction of the momentum of the neutron, two different approaches
were adopted: using the first particle that deposits energy in the detector, and choos-
ing the particle that provides the biggest velocity of the neutron (biggest β). It was
concluded that for neutron multiplicity of one, the biggest β approach is considerably
better and reconstructs the neutron momentum more efficiently and correctly than the
first hit approach. However, as the hit that provides the biggest β is most of times given
to a further depth in the detector, the particle that provides the hit sufferers a larger
dispersion compared to the particle that provides the first hit, which happens more
probably closer to the original trajectory of the neutron. Thus, although the biggest β
analysis provides a better reconstruction of the momentum, a wrong reconstruction of
the neutron trajectory results in a incorrect determination of the excitation energy. A
better analysis approach trying to combine all available information is required. Over-
all, the neutron reconstruction by the different detector geometries does not depend
much on the detector geometry.
The simulated data was folded with the expected uncertainties in the determination
of position and time. Under those conditions the reconstruction of the momentum and
the excitation energy, presented an excellent efficiency and resolution for one neutron
detection.
One of the goals of this work was to provide valid results to the LIP-Coimbra’s
group so they were able to start to build a prototype that would be tested in spring of
2012 at GSI. The simulations showed that the prototype needs to consist of 8 planes
112
to reach an efficiency higher than 20% for the range of energies considered.
The simulations work needs to continue to trying to improves some analysis aspects
and the creation of tools to analyze the data from the prototype.
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the different iron-less concepts
A.1 Detected particles multiplicity
Number of particles

















Figure A.1: Comparison of the detected particles multiplicity for 1 mm glass thickness
with 300 planes.
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Number of particles


















Figure A.2: Comparison of the detected particles multiplicity for 2 mm glass thickness
with 150 planes.
Number of particles


















Figure A.3: Comparison of the detected particles multiplicity for 4 mm glass thickness
with 75 planes.
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Figure A.4: Comparison of the detected particles multiplicity for 5 mm glass thickness
with 60 planes.
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A.2 Detected particles initial energy
Energy (MeV)














Figure A.5: Initial energy of the detected particles for 1 mm 300 planes geometry.
Energy (MeV)














Figure A.6: Initial energy of the detected particles for 2 mm 150 planes geometry.
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Energy (MeV)













Figure A.7: Initial energy of the detected particles for 4 mm 75 planes geometry.
Energy (MeV)













Figure A.8: Initial energy of the detected particles for 5 mm 60 planes geometry.
A.3 Energy loss distribution in the gaps
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Distribution of the energy loss in the gaps for the 1 mm glass 300 planes
Figure A.9: Energy loss distribution for the 1 mm 300 planes geometry.
Energy (keV)














Distribution of the energy loss in the gaps for the 2 mm glass 150 planes
Figure A.10: Energy loss distribution for the 2 mm 150 planes geometry.
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Distribution of the energy loss in the gaps for the 4 mm glass 75 planes
Figure A.11: Energy loss distribution for the 4 mm 75 planes geometry.
Energy (keV)













Distribution of the energy loss in the gaps for the 5 mm glass 60 planes
Figure A.12: Energy loss distribution for the 5 mm 60 planes geometry.
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A.4 Crossed gaps by particle per event
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Number of gaps crossed by a proton
Number of gaps crossed










Number of gaps crossed by a electron or positron
Number of gaps crossed









Number of gaps crossed by others
Figure A.13: Crossed gaps for each particle for the 1 mm glass thickness 300 planes
geometry.
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Number of gaps crossed by a electron or positron
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Number of gaps crossed by others
Figure A.14: Crossed gaps for each particle for the 2 mm glass thickness 150 planes
geometry.
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Number of gaps crossed by others
Figure A.15: Crossed gaps for each particle for the 4 mm glass thickness 75 planes
geometry.
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Number of gaps crossed by others
Figure A.16: Crossed gaps for each particle for the 5 mm glass thickness 60 planes
geometry.
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A.5 Spacial distributions of the first hit
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First hit distribution in XY
Figure A.17: Spacial distribution of the first hit on the detector for the 1 mm 300 planes
configuration.
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Figure A.18: Spacial distribution of the first hit on the detector for the 2 mm 150 planes
configuration.
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Figure A.19: Spacial distribution of the first hit on the detector for the 4 mm 75 planes
configuration.
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Figure A.20: Spacial distribution of the first hit on the detector for the 5 mm 60 planes
configuration.
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A.6 Gaps multiplicity for different number of incoming
neutrons
Gaps
















Gaps Multiplicity for 1 mm glass 300 planes
Figure A.21: Gaps multiplicity for the 1 mm 300 planes geometry for different number
of incoming neutrons.
Gaps















Gaps Multiplicity for 2 mm glass 150 planes
Figure A.22: Gaps multiplicity for the 2 mm 150 planes geometry for different number
of incoming neutrons.
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Gaps Multiplicity for 4 mm glass 75 planes
Figure A.23: Gaps multiplicity for the 4 mm 75 planes geometry for different number of
incoming neutrons.
Gaps















Gaps Multiplicity for 5 mm glass 60 planes
Figure A.24: Gaps multiplicity for the 3 mm 100 planes geometry for different number
of incoming neutrons.
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A.7 Plane multiplicity for different number of incoming
neutrons
Planes
















Plane Multiplicity for 1 mm glass 300 planes
Figure A.25: Plane multiplicity for the 1 mm 300 planes geometry for different number
of incoming neutrons.
Planes















Plane Multiplicity for 2 mm glass 150 planes
Figure A.26: Plane multiplicity for the 2 mm 150 planes geometry for different number
of incoming neutrons.
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Plane Multiplicity for 4 mm glass 75 planes
Figure A.27: Plane multiplicity for the 4 mm 75 planes geometry for different number
of incoming neutrons.
Planes


















Plane Multiplicity for 5 mm glass 60 planes
Figure A.28: Plane multiplicity for the 5 mm 60 planes geometry for different number
of incoming neutrons.
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A.8 Two planes multiplicity for different number of in-
coming neutrons
2 planes



















2 Planes Multiplicity for 1 mm glass 300 planes
Figure A.29: Two plane multiplicity for the 1 mm 300 planes geometry for different
number of incoming neutrons.
2 planes

















2 Planes Multiplicity for 2 mm glass 150 planes
Figure A.30: Two plane multiplicity for the 2 mm 150 planes geometry for different
number of incoming neutrons.
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2 Planes Multiplicity for 4 mm glass 75 planes
Figure A.31: Two plane multiplicity for the 1 mm 300 planes geometry for different
number of incoming neutrons.
2 planes






















2 Planes Multiplicity for 5 mm glass 60 planes
Figure A.32: Two plane multiplicity for the 5 mm 60 planes geometry for different
number of incoming neutrons.
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A.9 Linear regressions of the number of neutrons in func-
tion of the mean value of the multiplicity peak.
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p0        0.06916
p1        0.06489
Plane Multiplicity vs Nr of neutrons for 1mm glass 300 planes
Figure A.33: Linear regression to the
number of neutrons in function of the mean
value of the plane multiplicity.
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p0        -0.2503
p1        0.1057
Nr of neutrons vs 2 Plane Multiplicity for 1 mm glass 300 planes
Figure A.34: Linear regression to the
number of neutrons in function of the mean
value of the two planes multiplicity.
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p0        -0.1439
p1        0.1086
Nr of neutrons vs Plane Multiplicity  for 2 mm glass 150 planes
Figure A.35: Linear regression to the
number of neutrons in function of the mean
value of the plane multiplicity.
Multiplicity


















p0        -0.4814
p1        0.1755
Nr of neutrons vs 2 Plane Multiplicity for 2 mm glass 150 planes
Figure A.36: Linear regression to the
number of neutrons in function of the mean
value of the two planes multiplicity.
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A.9 Linear regressions of the number of neutrons in function of the mean
value of the multiplicity peak.
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p0        -0.3621
p1        0.1961
Nr of neutrons vs Plane Multiplicity for 4 mm glass 75 planes
Figure A.37: Linear regression to the
number of neutrons in function of the mean
value of the plane multiplicity.
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p0        -0.7201
p1        0.2998
Nr of neutrons vs 2 Plane Multiplicity for 4 mm glass 75 planes
Figure A.38: Linear regression to the
number of neutrons in function of the mean
value of the two planes multiplicity.
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p0        -0.4095
p1        0.2299
Nr of neutrons vs Plane Multiplicity for 5 mm glass 60 planes
Figure A.39: Linear regression to the
number of neutrons in function of the mean
value of the plane multiplicity.
Multiplicity


















p0        -0.7699
p1        0.3567
Nr of neutrons vs 2 Plane Multiplicity for 5 mm glass 60 planes
Figure A.40: Linear regression to the
number of neutrons in function of the mean
value of the two planes multiplicity.
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A.10 Activated gaps per plane.
Gaps












Number of activated gaps per plane per event
Figure A.41: Number of gas gaps acti-
vated per plane per event for the 1 mm
glass 300 planes geometry.
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Number of activated gaps per plane per event
Figure A.42: Number of gas gaps acti-
vated per plane per event for the 2 mm
glass 150 planes geometry.
Gaps











Number of activated gaps per plane per event
Figure A.43: Number of gas gaps acti-
vated per plane per event for the 4 mm
glass 75 planes geometry.
Gaps


















Number of activated gaps per plane per event
Figure A.44: Number of gas gaps acti-
vated per plane per event for the 5 mm
glass 60 planes geometry.
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A.11 Comparison of the two analysis choices for the momentum
reconstruction of the neutron.
A.11 Comparison of the two analysis choices for the mo-
mentum reconstruction of the neutron.
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p for the 1 mm glass 300 planes ∆
first particle detected
βbiggest 
Figure A.45: Comparison of the analysis
methods of the momentum reconstruction
for the 1 mm glass 300 planes geometry.
p (MeV/c)













p for the 2 mm glass 150 planes ∆
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βbiggest 
Figure A.46: Comparison of the analysis
methods of the momentum reconstruction
for the 2 mm glass 150 planes geometry.
p (MeV/c)
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Figure A.47: Comparison of the analysis
methods of the momentum reconstruction
for the 4 mm glass 75 planes geometry.
p (MeV/c)
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Figure A.48: Comparison of the analysis
methods of the momentum reconstruction
for the 5 mm glass 60 planes geometry.
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